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Abstract 
This research project systematically investigated the pore size tailoring of inorganic derived 
membranes by a novel vacuum-assisted preparation method. In particular, the effect of vacuum 
exposure time on the morphological features of the as-prepared membranes was investigated. 
Phenolic resin and titanium (IV) propoxide (TTP) precursors were chosen for the synthesis of 
carbon and titania membranes, respectively. The innovation in this study is that the preparation 
method is based on a combined dip-coating and vacuum-assisted method which has not been 
explored in literature. The pore size of the membranes was tailored by varying the vacuum times 
during preparation (0-1200s). The membranes were characterised by measuring the flux for a 
variety of organic substances, each having a different molecular weight cut-off.  
The first major contribution of this work is the effective preparation of carbon and titania 
membranes via the vacuum-assisted method. This has not been achieved before in the literature. 
The significant structural changes that occurred under different vacuum time exposures correlated 
very well with water permeation results. Water permeation through the carbon membranes 
increased proportionally to vacuum time, with the highest flux of 169 L m-2 h-1 observed at a 
transmembrane pressure of 5 bar and a vacuum time of 1200s. This was 12 times larger than the 
carbon membrane without vacuum exposure. Similar trends were also observed for titania 
membranes, with the water flux 37% higher for the membranes prepared for 1200 s as compared to 
no vacuum exposure. The membranes were also able to achieve rejections close to 100% for large 
MW PVP-360000 organics. However, no significant separation was observed for the lower MW 
glucose and sucrose. Separation values were measured for PVP-40000, and the carbon membranes 
delivered higher rejection than the titania membranes. The results suggest that the effect of vacuum 
time on pore size was stronger for the carbon membranes compared to the titania membranes. 
The second contribution of this thesis is related to the proposed mechanism of formation of the 
carbon membranes derived from the phenolic resins. It was found that the vacuum-assisted method 
imparted different morphologies and even influenced the chemistry of the carbon membranes. 
Specifically, resin crosslinking reactions were promoted as a function of the vacuum time. Further, 
pore volumes and surface areas increased from 0.81 cm3 g-1 and 834 m2 g-1 to 2.2 cm3 g-1 and 1910 
m2 g-1 as the respective vacuum exposure time increased from 0 to 1200 s. This work postulates that 
a cluster to cluster aggregation mechanism brought the phenolic oligomers in close proximity, 
initiating polycondensation and the formation of micro porous regions. Concomitantly, the 
distances between the clusters increased creating meso and macroporous regions. This results in 
increased water fluxes due to a reduction of mass transfer resistance as pore volume increased as a 
function of the vacuum time. 
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The third contribution of this thesis is related to the structural formation of the titania membranes by 
the vacuum-assisted method. The aggregation of Ti-O-Ti networks to form titania nanoparticles 
increased in proportion to vacuum exposure time. Further, the thesis proposes that upon calcination 
the titania crystallite size increased as a function of the vacuum time, accompanied by an increase in 
particle size. Therefore, porosity was controlled by the inter-particle void, which is a function of the 
particle size. As the particle size of titania increased, the water flux of the titania membranes also 
increased. These results strongly suggest that the vacuum exposure time played an important role in 
changing the particle size of the titania. This in turn is theorised to alter the inter-particle voids, thus 
affecting the membrane mass resistance to water transport.  
These carbon and titania membranes were also studied for oil-water separation containing a high 
concentration of oil (3000 ppm). The discharge of oily wastewaters to the environment is a serious 
global concern. Similar to the MW cut-off study of organic substances, the pore size of carbon or 
titania membranes played an important role in terms of water flux and oil rejection by the vacuum-
assisted method. Carbon membranes delivered superior oil rejection up to 99.9%, whilst titania 
membranes rejection values were lower at 93%. The results in this thesis showed that both 
membranes were seriously fouled by oil, particularly the carbon membranes. Chemical cleaning of 
the surface of both carbon and titania membranes were carried out over 9 cleaning cycles using 
sodium hydroxide and citric acid. It was found that chemical cleaning allowed the recovery of water 
fluxes to some extent, though the structure of the carbon membranes seemed to be affected by 
chemical cleaning due to changes in both water fluxes and oil rejection. 
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Chapter 1 Introduction 
1.1. Background 
According to the World Health Organization (WHO), approximately one billion people still 
lack access to clean drinking water and 2.5 billion people lack access to proper sanitation [1]. 
In parallel, the expansion of industrial activities around the world contributes significantly to 
wastewater production. Oily wastewaters generated from petrochemical, pharmaceutical and 
food processing industries as well as from domestic sewage pose a serious threat to our water 
resources [2, 3]. For instance, the discharge of oil to urban receiving waters in United 
Kingdom is around 20000 to 24000 tonnes per annum, thus it is a major pollutant 
contributing up to 17% of all the reported water pollution [4]. Oily wastewaters can lead to 
negative environmental impacts and reduced access of potable water [5]. Furthermore, oil 
pollution into natural water systems may be harmful to marine life as it reduces light and 
disturbs normal oxygen transfer mechanisms [6-8]. Existing water resources must be 
protected and new sources of water need to be purified through processes such as reclaiming 
wastewater and water desalination in order to maintain water security and the supply of clean 
water in the future [9]. The Australian government realises the need for fresh water access 
and has commissioned infrastructure to secure supplies, including desalination, municipal 
wastewater reclamation and conventional water treatment [10]. 
Oily wastewaters generally exist as emulsions. An emulsion is a system that consists of at 
least two immiscible liquid phases, one of which is dispersed as globules in the other liquid 
phase. An oil emulsion is formed when an oil-water mixture is subjected to shearing, 
resulting in the separation of oil and water phases into small droplets [11]. Generally, there 
are three types of oil-water mixtures from industrial pollution; free-floating oil, unstable oil-
water emulsion and stable oil-water emulsion [12]. By using conventional physical or 
chemical separation techniques (such as gravity settling, dissolved air flotation or chemical 
flocculation), free floating oil or unstable oil-water emulsion can be easily removed from 
water. However, these conventional techniques are not capable of removing stable oil-water 
emulsions which form in the presence of small oil droplets (<20 µm) [13]. Moreover, 
stringent wastewater regulations in many countries are enforcing a maximum oil and grease 
concentration in discharged waters of 5-40 ppm, with a typical requirement of 10-15 ppm. 
The Australian Guidelines for Sewage Treatment state that the permitted oil and grease limits 
for discharged wastewater effluent is 10 ppm [14]. Based on the Convention for the 
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Protection of the Marine Environment of the North-East Atlantic (OSPAR Convention), the 
annual average limit for oil discharge of produced water into the sea is 40 ppm [15]. Against 
this backdrop, oil-water separation is highly desired to address the environmental and 
regulatory issues of oily wastewaters.  
Industrial oily wastewater is typically treated using physical, chemical and biological 
methods. There are several techniques for conventional treatment processes such as gravity 
separation and skimming, air-flotation, coagulation, de-emulsification and flocculation, 
biological treatment and the addition of chemical reagents for breaking emulsions. These 
processes have fundamental disadvantages including low efficiency, high operational costs, 
time constraints, corrosion, high chemical consumption and re-contamination problems [16]. 
More significantly, most of these conventional treatment processes cannot efficiently separate 
oil droplets less than 20 µm in size [5, 12]. Furthermore, these treatments are only able to 
reduce oil concentrations to a minimum of 1% by volume of the total wastewater, far in 
excess of the legislated limits [17]. Therefore, a new generation of oil separation technologies 
are needed to treat oil-water discharge [2, 18]. 
The literature review demonstrates that membrane separation processes have become an 
alternative to conventional oil-water separation processes having had an upswing in 
popularity over the past 30 years. Membrane treatment processes are energy efficient and the 
technology continues to improve over time. Ongoing research and development is needed to 
continue this trend. Most importantly, membrane techniques are able to separate micron and 
submicron sized oil droplets [17]. Membrane separation has the prospective for stable 
effluent quality without chemical addition whilst being economically competitive with 
conventional separation techniques. Recently, many research groups [7, 16, 19-21] 
investigated the application of membrane technology for treatment of oily wastewater. The 
majority of research in this space has focused on polymeric membrane such as polypropylene 
(PP), polyvinylidenedifluoride (PVDF) and polytetrafluoroethylene (PTFE) which suffer 
from serious fouling.  
Inorganic membranes, an alternate technology to polymeric membranes are able to stand 
aggressive conditions and have long lifetimes [22]. However, to become competitive 
inorganic membranes require significant performance improvements. To this end, inorganic 
membranes may be doped, functionalised and structurally modified. There are several 
methods to prepare inorganic membranes, the most common being the dip coating of ceramic 
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porous substrates with sol-gel solutions followed by calcination using an air or an inert 
atmosphere. The dip coating process allows the formation of very thin films with controlled 
pore sizes for the separation of gas or liquid substances. Membrane flux is inversely 
proportional to membrane thickness, so thin membranes morphologies are targeted. The 
substrate provides the mechanical strength as thin films are mechanically weak. 
A research gap observed from the literature review is the use of additional steps to further 
tailor the pore size of inorganic thin films. Although this thesis project was born out of a 
desire to separate oily waters, pore size tailoring of inorganic membranes has become the 
major objective. To address this objective, the conventional dip coating process was aided by 
a vacuum-assisted step. Carbon membranes (including surface modification) and titania 
membranes were fully characterised and tested for oil rejection and molecular weight cut-off 
of organic substance to determine if the vacuum-assistance enables additional pore tailoring. 
Further, this thesis proposes a mechanism of pore size formation as a function of the thin film 
vacuum exposure time in order to explain the different morphologies conferred by carbon and 
titania precursors. 
1.2. Scope and research contribution 
This thesis fundamentally and systematically investigates the pore size tailoring of inorganic 
derived membranes by a vacuum-assisted method, particularly the effect that vacuum 
exposure time has on conferring different morphological features to the as-prepared 
membranes. Specifically, this thesis focuses on two different precursors to prepare carbon 
and titania membranes, namely phenolic resin and titanium (IV) propoxide. The porous 
structures derived from these precursors by the vacuum-assisted method are fully 
characterised (FTIR, TGA, XRD, SEM, helium pycnometry and nitrogen adsorption) whilst 
the performance of the inorganic membranes are tested for oil-water separation and molecular 
weight cut-off of organic substances. Further, this thesis also includes an assessment of 
fouling and chemical cleaning of membranes exposed to oil-water separation. 
The key technical contributions to knowledge in this thesis are briefly summarized as 
follows: 
1) The first demonstration of a vacuum-assisted method for the preparation of thin films 
of inorganic membranes for the separation of liquids. 
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2) This thesis postulates that the vacuum assisted method conferred a cluster to cluster 
aggregation mechanism of phenolic resin for the formation of carbon membranes. The 
longer vacuum application caused additional crosslinking reactions by the clustering 
of polymeric chains. Hence, the micro and mesoporosity, surface area, total pore 
volume and gap between clusters (inter-cluster space) increased proportionally to 
vacuum time.  
3) This thesis also postulates that in the case of titania membranes, the longer the 
vacuum time the more likely that the Ti─O─Ti networks in close proximity to each 
other agregate and form titania particles. Further, the thesis proposes that titania 
crystallite size upon calcination increases as a function of the vacuum time, 
accompanied by an increase in particle size. Therefore, porosity is controlled by the 
inter-particle void, which is a function of the particle size. 
1.3. Structure of thesis 
This thesis is structured into seven chapters. A short description of each chapter is presented 
below.  
Chapter 1: Introduction 
The introduction describes the background and objectives of the research in this thesis. The 
key contributions to the field are also given together with the structure of this thesis.  
Chapter 2: Literature review 
This chapter reviews the current technologies applicable for oil-water separation including 
membrane technologies. This chapter also includes membrane transport phenomena as well 
as current state-of-the-art flux, separation, fouling and membrane cleaning performances. 
Inorganic membrane preparation methods are also addressed. This chapter is rounded out by 
detailing the current state of literature and identifying the gaps in knowledge that are filled by 
this thesis. 
Chapter 3: Experimental  
All experimental techniques and apparatus used to complete this research are discussed in 
this chapter. The chapter shows the methods for preparation of carbon and titania membranes. 
It also details characterisation processes, membrane testing and cleaning processes. In 
addition, the surface modification method by using alumina, silica and titania material on the 
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top of carbon membrane are outlined. Fouling equations are derived to explore the fouling 
rate. 
Chapter 4: Carbon membranes for oil-water separation 
A systematic investigation is carried out to understand the performance of carbon membranes 
for oil-water separation applications. The effect of the vacuum-assisted time in the 
preparation of carbon membranes is correlated to the performance of the membranes. The 
effect of fouling and chemical cleaning is investigated. Further, surface modification of the 
carbon film is assessed as a variant to reduce oil fouling. 
Chapter 5: Titania membranes for oil-water separation 
Titania membranes are prepared using the vacuum-assisted method used in the previous 
chapter. This chapter follows the same experimental procedures and tests applied in Chapter 
4, though investigating the effect of membranes coated with one, two and three layers of 
titania thin films. The characterisation techniques are used to determine the performance of 
titania membranes at different pressures for oil-water separation.  
Chapter 6: Molecular weight cut-off and structural analysis of membranes 
This chapter explains the structural formation of carbon and titania membranes which are 
prepared at different vacuum exposure times. The molecular weight (MW) cut-off of organic 
substances is carried out to understand the effect of vacuum in tailoring the pore sizes. Water, 
glucose, sucrose, PVP-40000 and PVP-360000 are the molecular probes used for the MW 
cut-off testing. These investigations are accompanied by systematic materials characterisation 
in order to understand how the porous structures are being formed and tailored. Finally, this 
chapter includes important postulations on the mechanisms leading to the formation of carbon 
and titania membranes by the vacuum-assisted method. 
Chapter 7: Conclusions and recommendations 
This chapter presents the overall conclusions of this thesis as well as recommendations for 
future work. 
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Chapter 2: Literature Review 
2.1. Abstract  
The literature review consists of the current technology (physical, chemical and biological methods) 
used for oily wastewater treatment worldwide including an analysis of their advantages and 
disadvantages. Generally, the technology is mature as they have been developed in the last 30-40 
years. However, most conventional treatments have drawbacks such as high energy demand, high 
operating cost, significant chemical consumption or being ineffective at removing oil droplets less 
than 20 microns in size from oil emulsion in water. This research project focuses on developing a 
new advanced technology of inorganic membranes by tailoring the membrane preparation methods 
for application of liquid separation. The inorganic membranes have several advantages namely: (i) 
removing micron sized oil droplets from emulsions (ii) no chemical addition is required and (iii) 
easy operation. Importantly, inorganic membranes have leads to tailor the pore size of the 
membrane from the preparation methods and high stability in aggressive environments. The 
selected inorganic membranes including carbon membranes and titania membranes are focussed in 
this project. Overview about both membranes are discussed in this chapter. Transport properties is 
one of important element in the membrane process which also conferred in this work. The driving 
force applied in the liquid separation testing is based on pressure-driven membrane process. In 
particular, the review identifies that membrane fouling is the main problem and there are several 
initiatives that need to be resolved such as membrane cleaning and surface modification, both of 
which have the potential to reduce the fouling problem, and thus increase water flux and sustain 
high oil rejection.  
2.2. Oil-Water Separation 
In the industry such as food processing or oil and gas production, the majority of the oily 
wastewater technologies are now mature. There are numerous techniques that can be used to treat 
oily wastewater. Generally, oily wastewater technology is considered based on various physical, 
chemical and biological methods as shown in Table 2.1 [1].  
For physical separation, the most common techniques applied include gravity settling treatment, 
centrifugal separation and dissolved air flotation (DAF). The gravity settling separation and 
mechanical coalescence methods are conventional treatment processes that the separation efficiency 
is depended on the size of oil droplets [2]. These treatments are adequate in removing free oil from 
the wastewater but are not effective to treat the small-sized oil droplets and emulsions. Oil that 
adheres to the surface of solid particles can be successfully removed by sedimentation in a primary 
clarifier [3]. DAF method uses air to enhance the buoyancy of smaller oil droplets thus allowing the 
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separation process to be improved. Through this treatment, extra process such as chemicals are 
employed to stimulate coagulation and generate larger size of floc to facilitate separation [3]. 
Chemical treatment is applied to the oily wastewater by adding chemical agents to break down the 
oil emulsion. The main principle of de-emulsification is to eliminate the barrier that hinder oil 
coalescence [3]. Basically, there are two steps in this treatment. First step is de-emulsification 
which destabilized the emulsion by adding the demulsifier chemical agent and followed by gravity 
separation. In order to obtain coagulant and flocculate-destabilized emulsion, the flocculate agent is 
also added in the second step [1]. Typically, chemical technique is also used in combination of 
physical processes such as heating the wastewater. Heating is one of the way to reduce solution 
viscosity, density and to weaken the stabilization of oil [3]. However, this process can contribute to 
a large amount of sludge, complicating operational problems and impact negatively towards the 
environment. As a result, further treatment is needed to control the sludge issue.  
Biological processes are commonly applies to treat wastewaters including  oily wastewaters because 
it contains many microbes that are capable of degrading theorganic components. In the biological 
treatment, the microbes or microorganism can be used as a part for oil-water separation. This 
process has major benefits in terms of low cost and simplicity, though the kinetics are slow leading 
to a long term operation. The long residence time is essential for both growth and formation of 
bacterial colonies and the interaction between the bacteria and oily wastewater. Such treatment 
method is not efficient for certain industries [1]. For instance, the offshore industries prefer to 
deploy physical and chemical methods due to space constraint and short time required [4].  
Obviously depending on the types of treatment, the drawbacks of all these conventional processes 
are high energy, large volume of sludge production, high operation cost and high chemical 
consumption [3, 5-8]. Furthermore, the main disadvantage of these processes is low efficiency to 
handle the micron or sub-micron sized oil droplets, especially less than 20 µm [9-11]. As Lobo et 
al. [12] reported, these techniques can reduce the oil concentration to roughly 1 vol. % of the total 
wastewater but cannot competently remove the dissolved oil and components below 10 µm, and 
thus further treatment intensification is needed. Therefore, in order to meet the high purity 
requirements for discharge or reinjection, new or improved technologies are required [13].  
Membrane technologies have been used in separation and water treatment processes for the last 40-
50 years. A great advantage of membranes is that they are a proven, highly-efficient separation 
technology for the processing of feed streams with multiple components without a phase change. 
Other advantages include: compactness, no direct need to add chemicals, stable effluent quality, 
small footprint requirement, ease of operation, and low operating costs [2, 6, 9, 14]. The membranes 
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relevant for use in oily wastewater treatment are microfiltration (MF), ultrafiltration (UF), 
nanofiltration (NF) and reverse osmosis [15, 16]. Compared with other competing technologies 
including adsorption, ion exchange, biodegradation and flocculation (Table 2.1), membranes have 
become a popular technology for wastewater treatment [17, 18]. Furthermore, MF, UF and even NF 
membranes offer potential solutions to the problem of removing micron and submicron sized 
wastewater as compared to the conventional treatments (see Table 2.1). Nevertheless, oil emulsions 
can cause membrane fouling [19-21] which degrades membrane performance (both flux and 
rejection) and is a problem that needs to be addressed for use in the oil water separation processes. 
Table 2.1: Comparison of methods used for air-water separation 















Unstable and stable 
oil-water emulsion 
[3, 19] 
Efficiency Fair but unstable Good and stable Fair and stable Good and stable [4] 
Operating and 
maintenance 
Simple or complex Complex [2] Complex Simple [17] 
Main 
disadvantage 
Not effective to 
remove small oil 
droplet size less 
than 20µm [13] 
Use chemical 







[12, 13, 19] 
 
2.3. Membrane technology 
Membranes are thin, semi-permeable barriers which can be made of organic or inorganic materials.  
Nowadays, the recognition of membranes for wastewater treatment is much broader as they have 
decades of experience consistently meeting the effluent discharge quality requirements, at an 
economical price using a simple process [3, 22]. Generally, the two major categories of membranes 
used are polymeric membranes and ceramic membranes [23, 24].  
Cellulose acetate (CA) membranes were first developed in 1950’s. CA originated from cellulose as 
one of the first polymers applied for membranes. CA continues to be used to date, to form 
membranes with properties ranging from microfiltration to reverse osmosis. The main weaknesses 
of CA are limited temperature range and pH range [25]. Further, other synthetic polymeric 
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membranes such as aromatic polyamide, polysulfone and poly(ether sulfone) have been widely used 
to treat wastewater. These materials have high permeability, selectivity and moderate stability in 
water treatment applications [25]. However, there are also drawbacks of these materials including 
fouling and degradation during operation [3]. Therefore, the polymeric membranes have to be 
replaced frequently (~three to seven years) depending upon their application [3]. For these reasons, 
there has been a shift towards inorganic membranes (ceramic membrane) for the wastewater 
treatment [17] due to their physical and chemical robustness. 
Generally, there are two main groups of inorganic membranes which are dense and porous ceramic 
membrane depending on their structure. The porous inorganic membranes are divided into two 
different structures; asymmetric and symmetric. In terms of industrial wastewater applications, it is 
preferable to have porous membranes with high permeability as compared to dense membranes 
[26]. The application of inorganic membranes have several advantages such as stability at high 
temperature, pressure resistance, good chemical stability, high mechanical resistance, long lifetime, 
catalytic properties from their intrinsic nature and potentially less fouling problems [27, 28]. The 
anti-fouling properties of inorganic membranes may extend the membrane lifetime even under 
harsh cleaning process. In addition, after the cleaning process, the flux through inorganic 
membranes are more easily recovered because ceramics can withstand harsh chemical and thermal 
cleaning methods [25]. Yet, the capital cost for large scale implementation of ceramic membrane 
process is much more expensive, and therefore, it is only limited to niche applications. 
There are a number of materials used for inorganic porous membranes namely: oxides of alumina, 
titania and zirconia, zeolite, carbon and silica. Non-polymeric carbon based membranes are 
generally considered porous inorganic membranes prepared via the carbonization of various organic 
material, thus forming membranes with carbon molecular sieve properties. Titania membranes 
generally produce from hydrolysis of alkoxide precursor. Carbon membranes are considered as 
potentially a good membrane material for treatment of oily wastewater, particularly due to stable 
operation for over 6 months of desalination work [29]. The benefits of carbon derived membranes 
include stability in aggressive (vapour or solvents and non-oxidizing acids or bases) and adverse 
(high temperature and pressure operation) environments [23]. Most importantly, oil fouling on the 
membrane surface can be removed by thermal or washing treatment. An important aspect is that 
pore dimension of carbon and titania membranes can be finely adjusted by thermo-chemical 
treatment to give narrow pore size distribution [15] to meet different process needs. Hence, the 
concept of carbon and titania membranes as compared to the others ceramic membrane such as 
silica or zeolite, these materials are easier to fabricate thus reducing production costs. 
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Table 2.2 illustrates the performance comparison of both organic and inorganic membranes for oily 
wastewater treatment. The performance of the membranes is closely related to several parameters 
such as cross-flow velocity, transmembrane pressure, types of oil, and feed concentration, and very 
importantly, the membrane material and morphology. Different types of oil contribute to different 
viscosity based on the adhesion of oil. Generally, increasing the transmembrane pressure enhances 
the water flux due to the increase of the driving force applied. However, too high pressures can lead 
to a loss of performance of membrane attribute to pore blockage and increased fouling. As Hua and 
co-workers [2] reported, the flux of water in oil water feed solutions for pressure of 1 bar and 2 bar 
were 60 L mˉ² hˉ¹ barˉ¹ and 80 L mˉ² hˉ¹ barˉ¹ respectively. However, at 3 bar feed pressure, the flux 
declined to 68 L mˉ² hˉ¹ barˉ¹. In a similar fashion, fluxes can be affected by the cross-flow velocity. 
The water flux is proportional to the cross-flow velocity once the filtrating system reaches steady 
state, until then, the flux is compromised by a continuous build-up of the foulant on the feed side of 
the membrane [30]. The relation between feed concentration and flux is inversely proportional 
which means that higher oil feed concentration decreases water flux due to concentration buildup at 
the interface [23]. In addition, all membranes tested have oil rejection more than 93 percent. For 
instance, the oil rejection for carbon membrane is about 98 percent and shows that it is a good 
separation process to remove oil from oil emulsion [23]. Regarding the Australian Guidelines for 
Sewage Treatment, the limitation for oil and grease concentration in the discharge effluent must be 
less than 10 ppm [31]. Most of the membranes reported below have permeate concentration less 
than 10 ppm and comply with the Australian guideline. However, the feed concentration is one of 
the factor that impact the oil concentration in the permeate side. Higher feed oil concentration may 
led to the higher oil concentration in the permeate. Besides that, the pore size of membranes and 
type of membranes are also important factors for controlling water flux and oil rejection.  
Membrane fouling is the major problem in the membrane separation processes. Based on Hermia’s 
model which is the method to identify fouling mechanism, there are two main factors causing 
fouling namely: (i) pore fouling that is related to the pore space of a membrane being occupied by 
particles such as oil droplets; and (ii) the operation conditions including cross-flow velocity, trans-
membrane pressure difference and feed concentration also affect the formation of the fouling layer 
on the membrane surface [32]. These fouling problems initiate the decline of membrane 
performance and shorten the membrane life. For instance, surfactant or oil adsorption on the 
membrane surface and pore plugging by oil droplets cause a severe decline of flux and rejection rate 
[33]. In order to solve this fouling issue, the optimisation of operation conditions is required and 
modification of the membrane surface properties is also beneficial. Besides that, the optimisation of 
the membrane preparation methods also play an important role in order to gain high flux and 
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maintaining high oil rejection.  Membrane cleaning can also be used to remove the blockage of 
pores and restore membrane permeability. For fouling control, the cost of membrane process 
increases yet the fundamental mechanism is significantly complex. However as the cost of 
membrane maintenance is highly correlated with fouling control, understanding the mechanisms 
and the effective handling of membrane fouling are considered the most challenging and important 
aspects in this field [13].  
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Zeolite NaA2 Lubricant oil  0.5  400 
(inter-particle pore) 
0.003 100 0.6 5 99.4 [34] 
PSf/SiO 
nanocomposite 
Palm oil 1 130 - 200 - 17.32 98.28 [35] 
Polysulfone 
(PSf) 


























30 5 400 - 315 99.775 [38] 






















α-Al2O3 Edible oil 1 
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TiO2 Crude oil 0.7 0.15-7.36  - 200 - 436 98.96 [39] 
Ɣ-Al2O3 Crude oil 0.7 1.54-73.85  - 200 - 315 98.46 [39] 
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2.4. Carbon membranes 
Carbon membranes have been prepared mainly from carbonisation of various organic materials 
including polymeric films with a mean pore diameter between 0.25 nm and 1 nm [26]. Through this 
process, the defect-free microporous carbon films can be achieved. Carbon membranes can be 
obtained, by pyrolysis in an inert atmosphere or vacuum, from a variety of materials including 
cellulose and its derivatives, acrylics, thermosetting polymers such as phenolic resins and oxidized 
polyacylonitrile [40]. Due to high cost, the utilization of these polymers for the preparation of 
carbon membranes is limited [41].  
Koresh and Sofer were the first researchers that successfully develop carbon membranes by 
pyrolysis of organic precursors including cellulosic and phenolic resins in 1983 [42]. They reported 
that high temperature (up to 700 °C) evacuation and mild temperature (up to 450 °C) air oxidation 
treatments allowed for the opening of the pore structure [43]. Table 2.3 shows the comparison of 
different precursors of carbon membranes derived from thermosetting polymers. One of the 
materials that is attracting great interest is the phenolic resins which are a large family of low-cost 
polymers composed of a wide variety of structures. The derivation is from phenol and 
formaldehyde producing Novolak and Resole types of phenolic resins [44]. One characteristic of the 
resins is related to their thermoplastic properties which causes melting during heat treatment. 
Therefore, pure resins cannot retain its structure during pyrolysis and need cross-linking using 
thermo-curing agents such as hexamine.  
In general, there are two steps for the preparation of carbon membranes which are coating the 
polymer solutions on surface of alumina tubular support and carbonisation of the polymeric film 
with temperatures of around 500 °C to 800 °C [24, 29]. Ceramic substrates have been reported to 
provide suitable surfaces to be coated with phenolic resins, thus producing high quality carbon 
membranes for desalination applications [29, 45]. When the resin solution concentration is high, the 
coating of substrates followed by pyrolysis can be carried out in a single step [46], thus saving 
production costs by avoiding successive membrane coatings.  Most importantly, phenolic resin 
precursors can provide carbon films with molecular sieving properties by pyrolysis without forming 






Table 2.3: Comparison of carbon membranes derived from precursors of thermosetting polymers  




and hollow fibre  
Most stable classes 
of polymers, good 
precursor for glassy 
carbon membranes, 
high-melting point, 












High degree of 
molecular 
orientation, great 
yield of carbon, 






ºC), low porosity 
and difficult to 
control formation 
of pores  
[29, 50] 
Phenolic resin Supported film  Inexpensive, 
producing carbon 
films with molecular 
sieve properties, high 
carbon yield  
N/A [41, 51] 
Polyfurfuryl 
alcohol (PFFA) 





properties such as 
narrow pore size 
distribution and 
chemical stability 
Not good in 
mechanical and 
elastic properties 
to form thin films 
on the rigid 
support and low 




There are several advantages of carbon membranes including the control of pore size and pore size 
distribution based on different needs and stability in aggressive environments such as high 
temperature or pressure operation [23]. In addition, the properties of carbon membranes can be 
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controlled by managing the pyrolysis condition such as types of precursor, heating rate, 
carbonization temperature, pyrolysis atmosphere, purge gas and dwelling time. Careful control and 
optimization of these parameters enable production of well-tuned carbon materials for separation 
[52, 53]. Therefore, it is crucial to explore and understand the fabrication parameters for preparation 
of carbon membranes to achieve the desired separation performance and meet the industrial 
requirements.  
Since carbon membranes are designed to have small pore sizes, they are frequently used for gas 
mixture separation technology such as methane-hydrogen [40] and carbon dioxide-methane [48]. 
Hence, there is limited research work on carbon membranes for liquid mixture separation, 
especially oil-water separation process. Some examples for liquid mixture separation are the work 
done by Pan and co-workers [15] and Song et al. [23]. Pan et al. used Chinese coal as a low cost and 
abundant precursor for the carbon membranes. They investigated the treatment for oil-in-water 
emulsion using tubular coal-based carbon membranes. The oil rejection efficiency for this 
experiment was more than 97% and the optimum conditions such as transmembrane pressure and 
pore size was also determined. Song et al., by contrast explored the performance of carbon 
membranes for desalination and the results were very promising in term of flux and salt rejection 
[45]. 
2.5. Titania membranes 
A titania (TiO2) membrane is also classified as an inorganic membrane. Commonly, the substrate 
and interlayer materials of inorganic membranes are comprised of alumina, titania or zirconia. 
Titania membranes can be prepared using many precursors such as titanium oxide (alkoxide). 
Among the inorganic materials, titania has gained considerable attention because of its unique 
characteristics. These characteristics include a high water flux, semi-conductivity, catalytic activity 
and high chemical resistance, as compared to alumina or silica materials [54, 55]. 
Sintering and sol-gel processes are the most common techniques to prepare titania membranes. 
Sintering is limited to pore sizes of 0.1 micron or over; practically all ultrafiltration membranes are 
prepared with sol-gel techniques. Titania, in its anatase phase, usually acts as an intermediate or top 
layer of the membrane [56]. Anatase has a limitation in thermal stability due to its low phase 
transformation temperature [57, 58]. Thermal stability is determined by the temperature of 
crystallographic phase transformations. Cracks may form in the membrane if the phase 
transformation temperature is exceeded. The sol–gel method is considered to be the most practical 
process for fabrication of porous inorganic titania membranes due to its simplicity and low 
production cost [59]. Besides that, it allows ultrafine titania particles to be synthesized. The 
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utilisation of vacuum impregnation methods to infiltrate membrane pores with titania particles may 
confer many properties to the membrane, such as size exclusion and chemical affinity.  
Generally, the gels which are precursors of titania ceramic membranes are prepared by the 
controlled hydrolysis of titanium alkoxides [60, 61]. There are two separate routes which have been 
followed in synthesizing these gels. The first method is the hydrolysis of water which forms a 
particulate sol which is followed by gelation as reported by Kumar [62]. The second method 
involves hydrolysis in alcohol with a small amount of water added, to form soluble intermediate 
species which then condense forming inorganic polymers. This is called as polymeric sol. These 
sols can also be gelled under certain conditions. The details of titania membrane preparation from 
both methods are illustrated in Figure 2.1. Unfortunately, except for silicon, most metal alkoxides, 
including titanium alkoxides, form precipitates when contacted with water. It is for this reason that 
polymeric silica and mixtures of silica with other elements have been more extensively studied than 
the corresponding titania or alumina material [61]. 
 
Figure 2.1: Preparation scheme of titania membranes from particulate and polymer sols [61] 
Besides that, the particle size in titania sols was affected by the pH of the sols [63]. The role of 
organic additives could also be found in the literature, however, the quantitative description of 
organic additives in a specific case is not well reported [61, 64]. On the other hand, pore size of the 
membrane can also be controlled by calcination temperature. Many researchers observed that the 
pore size of titania membranes increased with calcination temperature. They attributed the 
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phenomena to the phase transformation of titania, which crystallized from anatase to rutile form. 
However, the temperature range of the phase transformation reported was not completely consistent 
in the literature [65, 66]. Lin and his co-workers [67] discovered that for a fixed calcination time 
(30 h), phase transformation of titania membrane occurred in the temperature range of 450–700°C 
(anatase to rutile). Peterson et al. [68] proposed that the phase transformation of titania occurred 
when the temperature was up to 300°C. Therefore, more research is needed in order to achieve a 
deep understanding of the effect of temperature on the phase transformation for a titanate system in 
this study. An amorphous of titania which is known to be a microporous structure, is expected to be 
more stable under chemical solution [69].   
2.6. Preparation methods of inorganic membranes 
In order to prepare high quality membranes, the coating techniques become very important to 
control pore size and to achieve molecular sieving properties. Many coating methods have been 
applied including dipping, spraying, vacuum impregnation, spinning, vapor deposition and 
ultrasonic deposition [70]. The dipping and spraying techniques are the primary coating methods 
and can be coupled with spinning or ultrasonic deposition in order to impregnate the resin into the 
substrate [44]. Spin coating and dip coating are two main basic techniques used to deposit sol-gel 
coatings [59]. Spin coating produces a one-sided coating, while dip coating yields a double-sided 
coating. Both techniques are used in manufacturing to make different coatings and thin films.  
In dip-coating, a substrate is contacted briefly with a sol or dispersion. Film formation occurs by 
two mechanisms namely: slip-casting and film-casting. In slip-casting, the dispersion liquid 
penetrates into the substrate under the action of capillary forces. The dispersed particles (precursor) 
form a dense-packed film on the surface while dissolved additives disappear into the substrate. In 
film coating, a dispersion layer is formed on the slip cast layer and maintained by surface tension. 
To avoid the frequently present defects in dip-coating, researchers need to avoid airborne 
contamination [71]. The effect of connected coating defects is often diminished by application of 
two or more coatings. This approach, however, does not work for surface defects in the support, and 
it may affect the operational lifetime due to excessive layer thickness and delamination. The coating 
thickness is mainly controlled by the withdrawal speed, the solid content and the viscosity of the 




Figure 2.2: The schematics of dip coating process [72] 
Spin coating is used for many applications where relatively flat substrates or objects are coated with 
thin layers of material. For example, several cathode ray tube (CRT) manufacturers use the spin 
coating method to make anti-glare or anti-reflection coatings. In spin coating, the material to be 
made into a coating is dissolved or dispersed into a solvent, and this coating solution is then 
deposited onto the surface and spun off to leave a uniform layer for subsequent processing stages 
and ultimate use [72]. Generally, there are 4 stages for the spin coating method (see Figure 2.3). 
The first step involves depositing the coating fluid onto the substrate, followed by aggressive fluid 
expulsion from the substrate surface by the rotation motion. Stage 3 and 4 are the gradual fluid 
thinning and coating thinning by solvent evaporation, respectively.  
 
Figure 2.3: The stages of spin coating process [72] 
Vapor deposition methods are classified into two types; physical and chemical vapor deposition. 
Both methods are implemented to prepare dense inorganic membranes. In either process, 
vaporization of the material to be deposited is effected by physical means (thermal evaporation or 
sputtering) or chemical reactions. In the chemical vapor deposition (CVD) process, heat is supplied 
through resistive heating, infrared heating, laser beam or plasma to effect a gas phase chemical 
reaction involving a metal complex. The metal produced from the reaction deposits by nucleation 
and growth on the hot substrate which is placed in the CVD reactor. Effective reactants should be 
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volatile and for this reason methyl carbonyl, halides or organometallic compounds are commonly 
used. Meanwhile, the physical vapor deposition is usually performed under high vacuum and is less 
practical compared to CVD [24]. Low deposition rates and problems with adhesion of the deposited 
material are the main disadvantages of physical vapor deposition. The thin film of Pt, Ag, Au and 
Al have been deposited on the porous substrate via physical vapor deposition [73]. 
The vacuum impregnation process is suitable for making membranes from viscous or colloidal 
solutions such as phenolic resin or titania sol and is more beneficial in terms of protection from 
physical damage. Furthermore, no additional layer is needed to form membranes and thus fewer 
processing steps are required to form high quality membranes. However, the fabrication method 
needs to be carefully controlled to minimize pore blockage. Very limited research has been 
conducted on the pore size tailoring effect of vacuum impregnation, although one study suggested 
the impact can be significant [29, 45]. 
Besides the study by Song et al. [29], there has been limited research focused on coupling the 
conventional dipping method with the other methods such as vacuum application. Generally, 
research has focused only on a single step preparation method, with the studies investigating other 
parameters such as type of membrane materials or operating condition. Membrane preparation is a 
crucial factor to tailor the pore size of the membranes. Further investigation about combination of 
the methods including dipping and vacuum-assisted are implemented in this thesis. Thus, the time 
constraint can be reduced by requiring only a single layer of coating. 
The pore size distribution of membranes can be identified by methods of nitrogen adsorption (BET) 
isotherms, molecular weight (MW) cut-off, and gas permeability as characterisation of the 
supported inorganic membranes [74, 75]. Since the BET technique was adapted only to the 
characterisation of unsupported membrane (powdered samples), there was no quantitative 
description on the pore size and pore size distribution (PSD) of the membranes. MW cut-off testing 
by using different species can be used as indicator to estimate the pore size of the membranes and 
correlated with the performance of the membranes tested.  
2.7. Transport, fouling and membrane cleaning 
Understanding about the transport phenomena is of great importance in the membrane process. The 
membrane performance can be predicted from fundamentals of transport phenomena, thus allowing 
chemical engineers to design membrane modules to comply with process specifications. There are 
overarching principles that underpin the various transport mechanisms involved in membrane 
separation - sorption and diffusion. Sorption consists of three main mechanisms including physical 
absorption, physical adsorption and chemical adsorption. Physical absorption is the dissolution of 
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molecules of interest into a material and typically occurs in polymeric membranes. Adsorption is 
the molecular attraction of a molecule to a surface through Van der Waals forces or hydrogen 
bonding (physical) or ionic or covalent bonding (chemical). Diffusion is the net movement of a 
molecule from a region of high to low chemical potential. For the diffusion of molecules to occur, 
there must exist a chemical potential gradient which translates into a driving force. Therefore, a 
driving force must be applied so molecules can be transported through a membrane matrix [70]. If 
there is no driving force, as an example, then water molecules stay in the oil emulsion solution 
instead of diffusing through a membrane. A schematic for the driving force can be a concentration 
(C), pressure (P), temperature (T) or electrical gradient (E) between the feed and permeate side as 




Figure 2.4: Schematic representation of driving force through a membrane system  
If no external forces are applied to this system in Figure 2.1, then the system will reach equilibrium 
when the potential difference is zero. When the driving force is kept constant, the flow rate or flux 
through the membrane is also constant after establishing itself at steady state. There is a 
proportionality relationship between the flux (J) and the driving force (X). The proportional factor, 
A, determines how fast the component is transported through the membrane. This means that A is a 
measure of the resistance applied by the membrane as a diffusion mechanism, when a given force is 









Flux (J) = proportionality factor (A) x driving force (X) 
 
Figure 2.5: Diffusive transport through membrane [70] 
In membrane technology for liquid mixtures, fouling is one of the most serious technical problems. 
Fouling occurs on the surface of the membrane or within the pores of the membrane [16, 77, 78]. In 
oily wastewater treatment, membranes are generally fouled due to the absorption of oil droplets on 
the membrane surface. The outcomes of this phenomena are reducing the flux at the permeate side, 
decreasing the membrane performance and shortening the membrane life [79-82]. Generally, oily 
wastewater treatment consists of two groups of membrane fouling which are reversible and 
irreversible fouling. A third concept, concentration polarization also impacts on membrane flux and 
may be considered a subset of reversible fouling. Concentration polarization occurs when a rapid 
penetration of solute concentration near the membrane surface and membrane fouling is caused by 
the direct adsorption and deposition of the oil droplets on the membrane surface [18, 70, 78]. When 
the steady state is achieved, the flux will become constant as a function of time and further flux 
reduction is not observed as shown in Figure 2.6. Therefore, the diffusivity and flux of water 




Figure 2.6: Flux as a function of time with concentration polarization and fouling [78] 
Irreversible fouling leads to the flux decrease due to a strong physical or chemical sorption of 
solutes on the membrane surface or in the pores. Typically, the initial permeability of irreversibly 
fouled membranes cannot be recovered even with aggressive cleaning methods such as washing the 
membranes with acid or alkali solutions [7, 8]. Membrane fouling is determined by the influence of 
physical and chemical reactions. The properties of fouling layer are controlled by the foulant 
characteristics, feed solution chemistry such as concentration or pH, membrane properties and 
hydrodynamic condition [83]. In general, the organic membranes (polymer membranes) will cause 
fouling more easily than inorganic membrane (ceramic membranes) [3, 84, 85].  
Generally, there are four well-known models to describe membrane fouling mechanisms including 
complete pore blocking, intermediate pore blocking (long term adsorption), standard pore blocking 
(direct adsorption) and cake filtration models [20, 21, 86-88]. For cake filtration theory, the flux 






                (1) 
Where J is the membrane permeation rate, ΔP is the pressure difference applied across the 
membrane, Rm is the resistance of the membrane and Rc represents the resistance of the cake, which 










R                 (2) 
Where r is the specific resistance of the deposit, V is the total volume filtered, Vs is volume of 
particles deposited, Cb is the bulk concentration of particles in the feed (particle volume/feed 
volume) and Am is the membrane area.  
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Solution of equation 3 for V at constant pressure as shown in equation 4, yielding a straight line on 
















              (4) 
As summary, the fouling indicator can be determined by investigating the resistance of membrane, 
resistance of cake formation and Vs which is the volume of particles deposited on the membrane 
surface.  
There are several methods to minimise fouling problems including pre-treatment of the feed 
solution, change of membrane properties, cleaning processes and optimizing the process condition 
or module design. Each fouling problem requires its own specific treatment based on types of 
separation applied. The main purpose of pre-treatment such as heat treatment, chemical clarification 
or chlorination is to prevent particles from entering the narrow pore channels on the feed side and 
remove free floating oil before membrane treatment [19, 70]. Therefore, the de-emulsification 
process will not be required.  
The control of fouling by changing the membrane properties is a very popular research area by 
providing a desired material according to the separation application [6, 89]. Surface modification by 
applying oleophobic or hydrophilic material on the top of membrane surface can help reducing 
fouling effectively whilst maintaining relatively higher permeate flux [7-9, 19, 84, 90-94]. 
Hydrophilic materials generally recognized as less sensitive to adsorption compared to hydrophobic 
ones. As reported by Zhou et al. [5] for Al2O3 microfiltration membranes, nano-sized ZrO2 coating 
improved the hydrophilic properties of the ceramic membranes. Hu and co-workers [18] 
demonstrated that graphene oxide (GO) modified Al2O3 membrane surface was able to provide 
excellent separation performance of oil and water. As a result, the flux of modified membrane was 
27.8% higher than the unmodified membrane (see Figure 2.7). Commonly, hydrophilic and charge 
coating will be helpful to accelerate the flow velocity of water in the membrane pores.  
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Figure 2.7: The example of permeate flux for modified and unmodified membranes [18] 
Amphiphilic materials which composed of both hydrophilic and hydrophobic segments can be used 
as additives for blending. The hydrophobic segments are useful for improving their compatibility 
and tend to migrate to the membrane surface to form micro-domains which could be advantageous 
towards antifouling performance because of their surface free energy. While, the additional 
inorganic particles such as Al2O3, TiO2 and SiO2 can be incorporated to change the pore structure 
and thus increasing the hydrophilicity of the membranes [33]. A pure inorganic ZnO-Co3O4 
composite membrane for efficient oil-water emulsions separation was made by Liu and co-workers 
using a simple and cost efficient fabrication process [95]. Barbosa and co-workers [96] prepared a 
disk-shaped MCM-22 zeolite membrane from hydrophobic surface (zeolite) that made by secondary 
growth method on the ceramic (α-Al2O3) support . The thin hydrophobic porous membranes were 
investigated for the separation oil-in-water emulsion [96]. From Figure 2.8, it can be explained that 
after 60 minutes, MCM-22 zeolite membrane showed almost 100% of oil rejection.  
 
Figure 2.8: The oil concentration in the permeate stream of ceramic (α-Al2O3) membrane and 
zeolite membrane (MCM-22/α-Al2O3) [96] 
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In addition, the module and process conditions can also contribute towards the fouling problem. 
Concentration polarization can be reduced by increasing the cross flow velocity and by using lower 
flux membranes. Also, the usage of turbulence promoters can reduce fouling. In a high turbulence 
regime, membrane fouling is less likely because of the low propensity of oil adhesion on the 
membrane [7].  
Cleaning process is one of the main strategies to overcome the performance degradation due to 
fouling during membrane operation. There are three main cleaning methods that can be 
distinguished: hydraulic cleaning (back-flushing, backwashing) for reversible fouling [7, 84, 97], 
mechanical cleaning and chemical cleaning useful for irreversible fouling when solutes absorb into 
the membrane pores [84, 98]. The choice of cleaning method mainly depends on the module 
configuration, the chemical resistance of the membrane and type of foulant encountered [70, 78, 
94]. As shown in Figure 2.9, Zhu et al. [99] applied backwashing as a cleaning method to enhance 
the permeate flux for the TiO2 and Al2O3 membranes. Table 2.4 demonstrates the comparison of 
cleaning process of ceramic membranes used in the application of oil-water separation. Generally, it 
can be seen that the majority of membrane cleaning methods are hydraulic cleaning and chemical 
cleaning.   
 
Figure 2.9: The permeate flux before and after using cleaning method (backwash) [99] 
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Table 2.4: Comparison of cleaning method for ceramic membrane 
Type of membrane   Surfactant  Type of oil Oil droplet 





Cleaning method References  
Zirconia  No  Crude oil 10 to 30 
 
180 Chemical cleaning:  
Solution of 1 g L-1 of sodium hydroxide and 1 g L-1 of 
sodium hypochlorite by backwash 
[30] 
Kaolin based low cost 
ceramic membrane 
No  Crude oil - 400 Chemical cleaning: 
Wash with tap water and followed with soaking in  2 g L-1 of 





SDS Crude oil 0.2 to 0.8  
 
- Chemical cleaning [19] 
α-alumina & surface 
modified 
polyacrylonitrile  
No  Crude oil 1 to 10 
 
- Backflush  [100] 




1.5 100 Backwash with hot water and hot alkali solution at 90°C 









SDS - - - Rinse with deionized water  [101] 
Zirconia/ Al2O3  - Vegetable 
oil or 
mineral oil 
- ~ 5000 Chemical cleaning: 
Clean by surface agent active and nitric acid solution  
[27] 






- 2000 (anionic) 
450 (non-ionic) 
Chemical cleaning: 
Clean with commercial detergent and 0.3 vol% of nitric acid 
aqueous solution  
[12] 
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For chemical cleaning process, the suitable cleaning agent should be selected to treat the type of 
foulants. Table 2.5 illustrates the recommendation of chemical agent by the type of foulants. In 
addition, there are numerous factors to be considered for chemical cleaning such as the 
effectiveness of the process in removing the fouling layer for flux recovery, the economics of the 
process (minimise the usage of chemical) and cleaning time [80, 98, 102].  
Table 2.5: Recommendation of chemical agent for chemical cleaning process [83, 103, 104] 
Type of foulant Recommendation of chemical agent 
Metal oxides Citric acid, phosphoric acid 
Inorganic colloids Hydrochloric acid , citric acid 
Biological matter Sodium hydroxide, sodium dodecyl sulfate, 
EDTA 
Organics Sodium hydroxide, sodium tripolyphosphate 
 
In principle, chemical cleaning process at the membrane surface can be interpreted by the following 
six steps [105] which is depicted in Figure 2.10 [80, 106]. First step is bulk reaction of cleaning 
reagents as the clean in place (CIP) is introduced (step 1). Then, the cleaning agent is transported to 
the membrane surface and followed by the transition of cleaning agent through foulant layers to the 
membrane surface (step 2). In step 3, the cleaning-induced reaction solubilise the foulants on the 
membrane surface which leads to detachment of the foulants from the surface and the breakdown of 
the foulants. In step 4, the waste and the cleaning agent with suspended foulants are transported to 
the interface. Finally, the waste matter is transported to the bulk solution in retentate side of the 
membrane (step 6).  
 
Figure 2.10: Membrane chemical cleaning process at the surface [106] 
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2.8. Summary and research gap 
The main issues associated with oily wastewater treatment are generally known. The conventional 
methods such as gravity settling, chemical treatment or biological treatment are not effective to 
handle the oil emulsion which has a particle size below 20 µm. Membrane separation offers some 
potential to overcome this problem. However, the main limitation of membrane is fouling caused by 
the oil emulsion. Fouling causes blockage of the membrane pores and compromises the overall 
membrane performance, which is a phenomenon frequently observed for the polymer membranes. 
Therefore, the development of inorganic membranes that can effectively handle fouling warrants 
more research.  
This literature review shows that several inorganic membranes can be used for the separation of oil 
and water with promising results. Many of the inorganic membranes for molecular separation are 
based on metal oxide particles such as Al2O3, ZrO2 and TiO2. The problem is that metal oxides 
generally produce larger pore sizes and the membranes are unable to separate water from oil very 
well. Hence, these materials can be used as substrates, whilst a top layer is required for the 
separation purpose. Potential top layers with controllable pore sizes may contain silica and/or 
carbon. However, silica is hydrophilic and very unstable under water exposure. On the other hand, 
carbon is hydrophobic and a more stable material against water exposure.  Based on this review, 
carbon as membrane top layers seem to be more appropriate to meet the requirements of this 
project. 
However, there are numerous research questions that need to be addressed if carbon membranes are 
to be used for oil-water separation. It is known that the major advantages of carbon membranes are 
adjustable pore dimension and good stability in aggressive environments. Further, the pore size 
control is important to achieve good performance in terms of fluxes and oil rejection. Nevertheless, 
there are issues concerning the selection of a suitable carbon precursor and preparation method. 
Porous carbon films can be derived from many organic materials such as cellulosic and 
thermosetting polymers (resins). Recently, resins have been proven as good carbon precursors for 
desalination applications. Resins are also cheaper and much easier to be processed as top films on 
ceramic substrates than other carbon precursors. Therefore, resins are chosen for the preparation of 
carbon membranes in this research project. 
One of the major drawbacks of using carbon membranes is the affinity of oil droplets to adhere to 
carbon surfaces, thus causing membrane fouling. There are several techniques reported in the open 
literature including backwashing, chemical cleaning and membrane surface modification. Back 
washing requires special equipment and it may be difficult to apply on highly adsorbed membranes 
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with oil. Chemical cleaning is a well-known technique, though its effect on carbon structures 
warrants research. Surface modification of carbon membranes with other materials may offer 
opportunities to reduce fouling with lower oil adsorption surfaces as compared to carbon surfaces. 
Metal oxides should be considered including titania and alumina, in addition to the less hydrostable, 
highly hydrophilic silica surfaces. Therefore, titania membranes were selected to further the 
investigation in this case. 
Finally, a more interesting proposition is how the inorganic membranes are prepared. Several 
methods have been reported in literature ranging from simple conventional dip-coating to complex 
CVD methods. In all these methods, there are several parameters which control the final desired 
structure of the as-prepared membranes. A research gap observed in this literature review is related 
to the effect that vacuum can play in the structural formation of thin-films of inorganic membranes. 
Very recently, it was shown that vacuum was very important in the impregnation of resins into the 
pores of alumina substrates. However, there are no reports exploring how vacuum can affect the 
pore sizes, pore volumes and pore size distribution of dip coated thin-films. In terms of materials, 
this novel vacuum-assisted method warrants research to understand the mechanisms leading to the 
formation of different morphological features. These studies can be accompanied by investigating 
the membranes prepared by a vacuum-assisted method using molecular weight cut-off testing of 
various organic substances. 
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Chapter 3: Experimental 
3.1. Abstract 
The experimental aspect of this project is described in this chapter. Initially, the chapter starts with 
preparation and characterisation of material and follows by membrane preparation and 
characterisation. Material and membrane characterisation, namely thermogravimetric analysis 
(TGA), nitrogen sorption, scanning electron microscope (SEM), helium pycnometry, X-ray 
diffraction (XRD), UV-Vis spectroscopy and Fourier transform infrared spectroscopy (FTIR) are 
described. For oil-water separation, all membranes had been tested using pure water and 3000 ppm 
of oil concentration as feed solutions. After each of membrane testing, chemical cleaning was 
carried out to recover the membrane using sodium hydroxide (NaOH) and citric acid as chemical 
cleaning agents. The preparation of oil emulsion is also presented in this chapter along with the oil 
droplet size examined using optical microscope. Membrane performance in terms of water flux, oil 
rejection percentage and fouling rate calculation is derived in this chapter. The molecular weight 
cut-off testing also carried out by using glucose, sucrose, poly(vinylpyridine) (PVP) 40000 and PVP 
360000 with feed concentration of 3000 ppm to investigate the structure formation of the 
membranes. All membranes testing were performed with dead-end flow configuration. 
3.2. Material Preparation 
3.2.1. Carbon  
The derivatives of phenol and formaldehyde produce Novolac and Resole types of phenolic resins 
[1]. Generally, Resole is synthesised under basic pH method while Novolac is made by using an 
acidic catalyst method. Novolac resin is used in this project due to better tailoring of carbon 
microstructure in term of pore size and pore size distribution [2]. In this study, Resinox GC-1259 
phenolic resin (supplied by Huntsman) was used as a precursor to prepare the carbon materials. 
Resinox GC-1259 contains phenol/formaldehyde resin (>88%), hexamine (10%), phenol (<1%) and 
formaldehyde (0.5%) and therefore includes the cross linking agent. In order to prepare 10 wt% of 
resin, the required amount of phenolic resin was mixed with methanol in a fume cupboard. After 
mixing, the solution was stirred very carefully and left for 2 hours at room temperature for further 
reaction. This method follows a recipe published elsewhere [3, 4]. Subsequently, the mixed solution 
was poured on a large petri dish and placed inside a desiccator where vacuum was applied based on 
the time needed between 0-1200 seconds. Subsequently, the solution was left to dry in an oven at 60 
°C for 24 hours to remove the solvent and finalise the curing. The dried and cured phenolic resin 
solution was placed in the middle of quartz tube and carbonised at desired temperature (700 °C) for 
2.5 hours under a nitrogen atmosphere in a tube furnace using a heating rate of 5 °C min-1.   
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3.2.2. Titania 
The preparation of titania sol was synthesised based on a previously reported method [5]. Briefly, 
hydrolysis and condensation of titanium tetrapropoxide (TTP, Ti(OC3H7)4, 97%) was carried out in 
acidic condition using hydrochloric acid. TTP, water and HCl were mixed to give a molar ratio of 
1:2:3.2:0.9 and the sol was then aged under stirring at room temperature during 2.5 hours. The sol 
was poured on large petri dishes placed inside a desiccator where vacuum was applied at desired 
time (0-1200) seconds. After drying, the material was thermally treated at 150 °C (heating rate 1 °C 
min-1, dwell time of 1 hour) and followed by calcination at 400 °C (heating rate of 1 °C min-1, 1 
hour).  
3.3. Material Characterisation  
3.3.1. Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) was performed by using Shimadzu TGA-50 Thermogravimetric 
analyser. The purpose of this technique is to analyse how the gas atmosphere, heating rate and 
temperature affected the weight loss of the cured phenolic resin powder. In order to investigate the 
weight loss of carbon material, cured phenolic resin samples were heated from room temperature to 
1000 °C with a heating rate 5 °C min-1 in a platinum crucible. Heat treatment was conducted under 
high purity nitrogen or instrument air flowing at 80 mL min-1. 
3.3.2. Fourier-transform infrared spectroscopy (FTIR) 
FTIR analysis was conducted using a Shimadzu IR Affinity-1 FTIR analyser (with an attenuated 
total reflectance (ATR) attachment) over a range of 4000-500 cm-1.  
3.3.3. Nitrogen sorption 
Gas sorption is widely used for determining surface area and pore size distribution of a wide variety 
of porous solid materials. The nitrogen adsorption experiments were carried out on a Micromeritics 
ASAP 2020 and Tristar 3020 instruments by using the volumetric method to calculate the adsorbed 
amount of nitrogen. Before conducting the nitrogen adsorption, the samples were degassed at 200 
°C for 24 hours under high vacuum in the degassing section of apparatus and the experiment was 
carried out at 77 K for all the samples.  
3.3.4. X-ray diffraction (XRD) 
The phases including structural and textural properties of titania species were detected via XRD 
which was conducted using a Bruker D8 Advance. XRD patterns were collected at 40kV and 20 
mA with a graphite monochromators using filtered Cu Kα radiation. The tested range of 2θ was 
from 30° to 90°.   
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3.4. Membrane Preparation  
In this research, all the membranes were coated on α-alumina substrates (supplied by Ceramic 
Oxide Fabricators, Australia). The properties of substrate used are listed in Table 3.1. 
Table 3.1: The properties of porous asymmetric α-alumina substrate for membrane 
Properties Value 
Sintering temperature 1100 °C 
Mean pore size  100 nm 
Porosity ~35% 
Dimension  Outer diameter: 10 mm ; inner diameter: 7 mm 
Length  4.3-5.3 cm 
Pre-treatment Calcined at 1000 °C for 8 hours using air 
 
3.4.1. Carbon Membrane 
The 10 wt% of resin solution was prepared by mixing the required amount of phenolic resin with 
methanol in a fume cupboard and the solution was left 2 hours under continuous stirring at room 
temperature for further reaction. There are two steps of membrane preparation implemented which 
are dip-coating and vacuum-assisted processes. For dip-coating method, the alumina substrate was 
immersed into the precursor phenolic resin solution for 1 min and withdrawn at 10 cm min-1 
dipping rate. In the vacuum-assisted method, after the substrate is dip-coated with the resin solution, 
a vacuum was applied between 30-1200 seconds in an enclosed chamber with plugging the bottom 
of the membrane as shown in Figure 3.1. Following vacuum-assisted process, the coated 
membranes were dried using an oven at 60 °C for 24 hours to remove the methanol solvent. 
 
Figure 3.1: Schematic of the set-up for membrane prepared by vacuum impregnation 
After drying, the carbonisation process was carried out for the cured phenolic resin membranes at 
700 °C for 2.5 hours with heating and cooling rate at 5 °C min -1 under nitrogen atmosphere. In this 
work, the membranes were identified with nomenclature CM X, where X represents the time of 
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vacuum applied such as CM0 for dip-coated membrane with no vacuum and CM30 to CM1200 for 
the dip-coated membranes with 30 to 1200 seconds of vacuum respectively.  
3.4.2. Titania Membrane 
Titania sol was prepared as per section 3.2.2 and then the alumina substrate was dip-coated in the 
titania sol with dipping time and withdrawal rate of 1 min and 5 cm min-1, respectively. 
Immediately, the vacuum-assisted was carried out with 30-1200 seconds of vacuum time. The 
calcination process was conducted at 150 °C (heating rate 1 °C min-1, dwell time of 1 hour) and 
followed by temperature of 400 °C (heating rate of 1 °C min-1, 1 hour) in air atmosphere. The cycle 
of dip-coating, vacuum process and calcination procedure was repeated 2 and 3 times.  
3.4.3. Carbon-Titania Membrane 
The carbon membrane (CM1200) was dip-coated on the titania sol with dipping time and 
withdrawal rate of 1 minute and 5 cm min-1, respectively. Immediately, the vacuum was carried out 
with 1200 seconds of vacuum time. Next, the membrane was thermally treated at 150 °C (heating 
rate 1 °C min-1, dwell time of 1 hour) and then calcined at 400 °C (heating rate of 1 °C min-1, 1 
hour) using nitrogen atmosphere.  
3.4.4. Carbon-Silica Membrane 
Silica sol-gel was prepared using ethyl silicate (ES40) (supplied from Wacker Chemicals Australia 
Pty Ltd) and 1M nitric acid (HNO3, AR grade, RCl Labscan) as reported by Wang et al. [6]. ES40 
was added by drop-wisely into a pre-mixed EtOH/water/HNO3 solution under stirring at room 
temperature for 1 hour. The molar ratio of Si (ES40):H2O:EtOH: HNO3 was 4:20:150:0.4. 
For carbon-silica membrane preparation, the carbon membrane (CM1200) as described in section 
3.4.1, was dip-coated in the silica sol with dipping time and withdrawal rate of 1 minute and 5 cm 
min-1, respectively. Vacuum-assisted process of 1200 seconds was applied after dip-coating. 
Afterward, the prepared membrane was calcined in nitrogen at 600 °C for 1 hour holding time and 5 
°C min-1 heating rate. 
3.4.5. Carbon-Alumina Membrane 
The γ-alumina sol was sourced from Locron (Clarient GmbH) and diluted 1:4 of sol:water for 
coating purpose as published by Duke et al. [7]. The carbon membrane (CM1200) as described in 
section 3.4.1 was coated with alumina sol with dipping time of 1 minute and withdrawal rate of 5 
cm min-1. 1200 seconds of vacuum time was applied after dip-coating (refer to Figure 3.2). The 
calcination was carried out at 600 °C using nitrogen gas for 2.5 hours with heating rate of 5 °C min-
1. 
44 
3.5. Membrane characterisation 
Characterisation and evaluation of membranes were carried out to understand the relationship 
between the preparation condition and testing performance.  
3.5.1. Scanning electron microscope (SEM) 
Surface morphology and cross sections of carbon membrane can be observed using a scanning 
electron microscope (SEM, JEOL JSM-7001F) with a hot (Schottky) electron gun at an accelerating 
voltage of 10 kV. SEM technique was conducted to examine the membrane morphology before and 
after oil-water testing. The membrane was deliberately fractured and chosen fragments were then 
mounted on SEM stubs and platinum coated, using a Baltec coating machine, in high purity argon 
for imaging. 
3.5.2. Helium pycnometer  
AccuPyc 1340 Gas pycnometer at room temperature was carried out to measure the density and 
specific volumes of the carbon membranes. The pycnometer uses helium (99.995%) to determine 
the volume and porosity of the sample by measuring the pressure change of helium in a chamber of 
calibrated volume. Density is then determined by the change in sample mass gravimetrically.  
3.6. Feed preparation 
3.6.1. Oil emulsion 
Oil-in-water emulsion was prepared by mixing 3 gram hexadecane in 1 L of water following a 
recipe provided by Shell Research in the Netherlands. The surfactant, sodium dodecylbenzene 
sulfonate (SDBS) was also added to make sure the emulsion remains stable with weight ratio 10:1 
of hexadecane and SDBS. A high speed blender (Model WSBE from Waring Commercial 
Company) was used to mix the emulsion solution for 20 minutes at 15000 rpm. An optical 
microscope was used to investigate the size of the oil droplets (see Figure 3.2). The size of oil 
droplets in the emulsion should be less than 20 µm for the purpose of this research. The results 
show that the oil droplets sizes after emulsification are less than 10 µm (Figure 3.2a) at day 1 and 
are relatively stable even after 28 days (Figure 3.2b). All oil-water mixtures are re-emulsified after 
28 days to ensure the droplet size does not coalesce to greater than 20 µm over time. 
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Figure 3.2: Optical micrograph of oil droplets (a) in day 1 and (b) after 28 days 
3.6.2. Glucose, Sucrose, PVP 40000 and PVP 360000 
3000 ppm of glucose solution was prepared with 3 gram of D-glucose (supplied by Chem-Supply) 
and 1 L of water. Both components were mixed for 10 minutes by using magnetic stirrer to make 
the glucose dissolve in the water. The same method was repeated for making 3000 ppm of sucrose 
(supplied by Chem-Supply), PVP 40000 (supplied by Sigma-Aldrich) and PVP 360000 (Supplied 
by Sigma-Aldrich). 
3.7. Membrane testing  
The membranes were first tested with water to investigate the non-fouled or starting flux and 
followed by oil emulsion. For molecular weight cut-off testing, the membranes testing were 
performed with glucose, sucrose, PVP 40000 and PVP 360000. As depicted in Figure 3.3, the 
membrane was placed into the module with one end of the membrane blocked and the other side 
connected to permeate output. The permeate weight in the filtrate tank was recorded with an 
analytical balance (Model FX-3000i from A&D Company Limited) which connected to the 
computer for every 1 minute. Outer surface of the membrane was directly in contact with feed 
solution under desired pressure. Different pressures (3, 4 and 5 bar) were applied to the feed to act 
as a driving force for permeation and this setup is known as a pressure-driven process. The effect of 
trans-membrane pressure on the water flux and oil rejection was determined. The filtration direction 
was from outer to inner shell of the membrane. In Figure 3.3, the symbol of V-1 is a pressure 
regulator, V-2 is a 3-way valve and V-3 is a needle valve. The retentate line was fully closed during 
the testing in a dead-end flow system. 
46 
   
Figure 3.3: Illustration of dead-end flow membrane testing rig. V-1 is a pressure regulator, V-2 is a 
3-way valve and V-3 is a needle valve. 
3.8. Calculations used 
3.8.1. Water flux 
The flux was determined by the change in weight on the permeate side (kg) over time (hour) and 
active surface area of membrane (m2). Membrane performance was validated when the membrane 
flux reached steady state. The permeation flux, Jv (kg m







                        (1) 
Where W is the permeation weight collected over a predetermined time, t and A is the effective 
permeation area. dLA  , where d is outer diameter of tube membrane and L is the active length of 
membrane tube. 
3.8.2. Oil rejection 
After one cycle of testing, the collected permeate was analysed with FTIR and UV-Vis 
spectroscopy to determine the oil concentration. FTIR was used as a preliminary characterisation 
tool to check the existence of oil in the permeate side. The IR spectrum of hexadecane (oil) was also 
analysed to identify the characteristic vibrational peaks of the functional groups arising from the oil. 
In addition, Schimadzu UV-2700 UV-Vis spectrometer was also carried out to determine the 
concentrations of oil in the feed and permeate at a measured λmax of 222 nm over a 200-800 nm 
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wavelength region. The concentration of the resulting solution was measured by UV-Vis using a 
calibration curve (see Figure 3.4) prepared by measuring various known concentration of the oil-
water mixture [8]. 
 
Figure 3.4: Calibration curve of oil concentration from 0.003 to 0.365 g L-1 via UV-Vis. 
Absorbance measured at λmax = 222 nm 
The percentage of oil rejection can be calculated by using the following equation: 













                  (2) 
Where pC  and fC are the concentrations of the solute in permeate and feed respectively. 
3.8.3. Fouling rate 
Fouling rate was also measured in order to explore the fouling level of the membrane and 
investigate the degree of membrane recovery. For this work, the fouling is focussed on cake 
filtration theory. As summary, the fouling indicator can be determined by investigating the 
membrane resistance, resistance of cake formation, Vs which is the volume of particles deposited on 
the membrane surface and percentage change in flux [9]. The equation of all calculations were 
described in Chapter 2 (section 2.5). Besides that, the fouling rate also can be compared by 
calculating the percentage change in flux between 5 mins and 60 mins as referring to volume of 
deposited oil on the membrane surface. The formula to calculate the percentage change in flux is 








(%)changePercentage                 (3) 
3.9. Membrane cleaning 
After testing with oil emulsion, the membrane was cleaned by backwashing or chemical cleaning in 
order to recover the membrane flux [10-12]. Membrane cleaning is essential to maintain consistent 
permeability and selectivity of membrane systems. The membranes were cleaned by using chemical 
cleaning of sodium hydroxide (NaOH) and citric acid (C6H8O7). The acid solution was used to 
remove organic particles in the oily wastewater while alkali solutions are more suitable to eliminate 
inorganic colloids [13]. The steps of chemical cleaning process for membranes are as follows [12]: 
a) Membranes were rinsed with water at room temperature for 10 minutes 
b) Then, membranes were soaked with 2 wt% of NaOH at 60 °C for 30 minutes 
c) Membranes were rinsed back with water at room temperature for 10 minutes 
d) Next, membranes were soaked with 2 wt% of C6H8O7 at 60 °C for 30 minutes 
e) Membranes were rinsed for last time with water at room temperature for 10 minutes 
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Chapter 4: Carbon Membranes for Oil-Water 
Separation 
4.1. Abstract 
This chapter demonstrates the results of characterisation and performance of carbon material and 
carbon membranes that were produced on commercial α-Al2O3 tubular substrates through a 
combination of dip-coating and vacuum-assisted methods for the applications of oil-in-water 
separation. The structural properties of carbon materials were investigated by using nitrogen physi-
sorption and the carbon membranes were evaluated by scanning electron microscopy (SEM) and 
helium pycnometry. Carbon membranes were systematically exposed to different vacuum time and 
their oil emulsion separation performance was studied using 3000 ppm of hexadecane via a pressure 
driven process using 2 to 5 bars of transmembrane pressure and evaluated against pure water flux. 
Under pure water testing, the water permeation increased almost 12 times for carbon membranes 
exposed to1200 seconds of vacuum time at 5 bar as compared to the carbon membrane without any 
vacuum exposure (only dip-coating process). The percentage of oil rejection remained very high at 
97% for all conditions. The performance recovery of the carbon membranes from oil fouling after 9 
cycles of chemical cleaning by sodium hydroxide and citric acid confirmed a steady water flux 
could be maintained, especially for carbon membranes prepared using longer vacuum time. 
Remarkably, the oil removal efficiency reduced to only 91% after 9 cycles of testing and cleaning. 
Fouling became a serious problem, as carbon membranes were greatly fouled within the first 5 min, 
leading to significant flux reductions of one order of magnitude with further flux reduction 
continued up to 60 min in the order of 60-80%. Subsequently, surface modification was carried out 
by coating silica, titania or alumina on the top of the carbon membranes. Fouling remained similar 
for the surface modified membranes, suggesting that the strong oil adsorption on the carbon under-
layer. Irrespectively of the carbon membrane flux for pure water, the fluxes of all membranes for 
oil/water permeation were very similar after 60 min testing. Therefore, the strong oil fouling was 
dominating the water permeation of the carbon membranes. 
4.2. Introduction  
Carbon membranes have been considered by several research groups for different applications, but 
mainly developed for gas separation technology [1-3]. Carbon material can be derived from a 
variety of precursors such as cellulose or thermosetting polymers [4]. Phenolic resin is a 
thermosetting polymer that has several advantages in term of low cost and high carbon yields [5, 6]. 
Therefore, this chapter focuses on carbon membranes derived from phenolic resins for oil and water 
separation. The structural properties of the carbon materials were characterized by nitrogen 
adsorption techniques and the carbon membranes by scanning electron microscopy and helium 
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pycnometry. The procedures of carbon materials and membranes preparation, characterisation and 
performance evaluation were described in the Chapter 3. In this chapter, a series of materials and 
membranes were prepared by systematically varying the vacuum exposure time between 0 and 1200 
seconds. The carbon materials/membranes are denoted with “CM” followed by a number which 
represents time in seconds for the duration of vacuum exposure. For instance, CM30 specifies that 
the carbon material was exposed to 30 s of vacuum directly after dip-coating with phenolic resin. 
Table 4.1 shows the vacuum exposure time with respect to nomenclature used in this chapter. 
Table 4.1: Table of samples prepared under varying vacuum time exposure from 0, 30 to 1200 
seconds using 10 wt% of resin  
Sample/codes 
Vacuum exposure time 
0 s 30 s 120 s 600 s 1200 s 
Carbon materials CM0 CM30 CM120 CM600 CM1200 
Carbon membranes CM0 CM30 CM120 CM600 CM1200 
 
4.3. Material characterisation results 
Nitrogen sorption was utilised to determine the surface area and pore sizes of the carbonized 
materials. Isotherms for the CM samples are shown in Figure 4.1, which exhibits a combination of 
typical IUPAC Type-I and Type-VI adsorption/desorption behaviours [7-9]. This is characteristic of 
microporous and mesoporous structures. At very low relative pressures (p/po < 0.01), the N2 
isotherms revealed a microporous structure (Type-I) and gradually increase at higher pressure 
(Type-VI) which is attribute to the presence of mesoporous structure. Interestingly, the hysteresis 
shown by the desorption branch is almost non-noticeable, thus indicating an increase in pore size 
accompanied by a broader pore size distribution. It is interesting to note that the micropore 
adsorption at very low partial pressures (p/po < 0.01) are very similar to all the CM samples, but the 
adsorption increases with the vacuum exposure time at higher partial pressure which leads to a 
significant increase in the total pore volume by over five-folds from CM0 to CM1200. Further, a 
slight hysteresis becomes more evident as the vacuum time increases, thus confirming an increase 
in meso and macroporosity. 
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Figure 4.1: Nitrogen adsorption isotherms of CM at different vacuum time. Close symbols 
(adsorption) and hollow symbols (desorption) 
Figure 4.2a shows the BET surface area of the CM samples. It is observed that the surface area 
increases as a function of the vacuum time. For instance, the BET surface area increased from 834.5 
(CM0) to 1138.6 (CM30) and 1910.5 (CM1200) m²g-¹. These results strongly suggest that the 
exposure to vacuum time conferred the CM matrix with a higher proportion of microporous 
structure, as the BET surface area is measured at the microporous region of the isotherm at low 




Figure 4.2: (a) BET surface area of CM at different vacuum time (b) pore size distribution of CM at 
different vacuum time 
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Figure 4.2b displays the pore size distribution (PSD) based on the Barrett-Joyner-Halenda (BJH) 
method by using the desorption branch of the isotherms in Figure 4.1. The PSD results clearly 
indicate the formation of a tri-modal distribution. The first distribution is very narrow and well-
defined in microporous region below 5 Å. The second distribution starts at the microporous region 
of 15 Å and broadly extends to mesoporous region of up to 50 Å. The third region is mesoporous 
starting at 50 Å all the way through to the macroporous region (> 500 Å). Further, increasing the 
vacuum exposure time led to a systematic increase in both mesoporous and macroporous 
distributions. Table 4.2 shows a comparison of the pore size distributions from each vacuum time. 





 (m2 g-1) 
Microporous 
volume 










CM0 834.5 0.31 0.49 0.02 0.81 
CM30 1138.6 0.39 0.82 0.03 1.24 
CM120 1112.6 0.38 0.81 0.03 1.22 
CM600 1436.8 0.39 1.20 0.04 1.64 
CM1200 1910.5 0.52 1.66 0.06 2.25 
 
4.4. Membrane characterisation results 
Figure 4.3a presents a photographic image of the CM0 (i.e no vacuum) membrane, which displays a 
black and dull surface appearance. In addition, no apparent defects or white patches from the 
alumina substrate can be observed, thus demonstrating a complete coating of the substrate and 
potentially a good quality membrane. In this work, the preparation of the carbon membranes 
requires only a single dip-coating cycle as compared to the conventional dip-coating of other types 
of carbon membranes that require at least 2 layers of dip-coating to achieve defect free membranes 
[10, 11]. The CM1200 membrane exposed to 1200 s of vacuum in Figure 4.3b shows similar 
features as the CM0 membrane (Figure 4.3a). However, vacuum time proved to be an important 
parameter as evidenced by the surface areas and pore size distribution (Figure 4.2a and Figure 4.2b) 




Figure 4.3: CM membranes prepared (a) without vacuum (i.e. CM0) and (b) with vacuum exposure 
(i.e. CM1200) 
4.4.1. Scanning electron microphotograph (SEM) 
SEM images of a blank alumina tubular support and the five carbon membranes from no vacuum 
(CM0) applied to 1200 seconds (CM1200) of vacuum time are shown in Figure 4.4. The surface 
SEM images show inter-particle voids on the substrate of alumina (i.e. no CM coverage), contrary 
to the all CM membranes which show various degree of surface coverage as the voids are mostly 
plugged by the carbon materials. There are no major differences of surface coverage for all CM 
membranes. As alumina particles are also visible on the surface, this clearly indicates that the 
phenolic resin also penetrates into the substrate for all the membranes. The representative cross 
sections of CM600 and CM1200 membranes show that the phenolic resin penetrated into the 
alumina substrate up to 10 µm. In general, all the membranes do not seem to form a homogenous 
carbon layer structure. However, a close visual inspection shows slightly differences between the 
surface morphology of membranes in the alumina particle boundary. Clearly, the individual alumina 
particles on the surface appear to be bound by the carbon matrix, of which the particle granularity 
decreases with increasing vacuum time. Since the immersion time of dip-coating step is the same 
for all the membranes, this effect can be explained by the degree of resin crosslinking during the 
vacuum application, and as a result, the carbon alumina matrix seemed to be more compacted.  
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Figure 4.4: Scanning electron micrograph of surface morphology of CM membranes prepared 
through different vacuum time for (a) alumina substrate, (b) CM0, (c) CM30, (d) CM120, (e) 
CM600, (f) CM1200, and the corresponding cross-sections of (g) CM600 and (h) CM1200 
4.4.2. Helium pycnometry 
Helium pycnometry was conducted using AccuPyc 1340 Gas pycnometer at room temperature to 
measure the density and specific volumes of carbon membranes and alumina substrate so that 
effective membrane pore volume and porosity can be determined. Table 4.3 illustrates the average 
density, total pore volume and porosity of alumina substrate for CM membranes. The density for 
alumina substrate was measured at 3.74 g cm-3 and after membrane processing, the density of all the 
CM membranes increased. In addition, the porosity of the CM membranes also slightly increased as 
compared to the substrate. The minor increase in density and porosity of the membranes are directly 
related to the carbon structure integrated into the alumina substrates. However, there is no specific 
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trend related to the vacuum time, and this could be related to the variations of the alumina substrate 
itself for each of the membrane.  
Table 4.3: Analysis of alumina support and carbon membranes from helium pycnometry 
Sample Average density (g cm-3) Total pore volume (cm3 g-1) Porosity (%) 
Substrate 3.74 0.733 73.3 
CM0 3.75 0.733 73.3 
CM30 3.81 0.737 73.7 
CM120 3.79 0.737 73.7 
CM600 3.80 0.737 73.7 
CM1200 3.81 0.738 73.8 
 
4.5. Membrane testing 
A series of five carbon membranes (CM0 to CM1200) were tested for pure water (single 
component) and oil-water mixture separation performance. The feed oil concentration used for the 
separation performance is 3000 ppm of hexadecane in water, which is a mixture advised by Shell 
Oil Company for separation of water from oil in oil rigs.  
4.5.1. Pure water permeation 
Figure 4.5 shows the water flux permeation for pure water as the feed solution. There is a clear 
trend that water flux permeation of the carbon membranes increased gradually with higher pressure 
and higher vacuum time. Firstly, by increasing the feed pressure, water flux increases due to an 
increase of the pressure gradient (i.e. driving force) across the membrane.  In Figure 4.5, the flux 
values are reported at steady state which is approximately 10 min into the start of testing and are 
within an experimental error of ± 7%. The highest flux was measured at 185 and 169 kg m-2 h-1 at 5 
bar for the alumina substrate and CM1200 membrane, respectively. At the equivalent pressure of 5 
bar, CM0 (i.e. no vacuum) membrane has the lowest flux with 13.55 L m-2 h-1. At the other end of 
the pressure gradient (2 bar), CM1200 delivered a water flux of 75.06 L m-2 h-1 but CM0 has only 
produced 3.33 L m-2 h-1.  
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Figure 4.5: Water flux for carbon membranes and substrate that tested with pure water 
4.5.2. Oil-water separation  
Due to the low water flux of the CM0 membrane, the oil-water separation testing was discontinued 
for this membrane. The alumina substrate was also examined for separation performance, and 
although it produced the best water flux but the oil rejection was the lowest with only 85%, which is 
a value that does not meet the discharge requirements. Thus, only CM30, CM120, CM600 and 
CM1200 membranes were tested for oil water separation. Figure 4.6 shows the water flux and oil 
rejection as a function of feed pressure for these carbon membranes. It is important to mention at 
the outset that the oil water permeation/separation tests were carried out first at a feed pressure of 5 
bar, then 4 bar and then 3 bar. Due to fouling caused by oil, the membranes were also chemically 
cleaned each time that the pressure was changed. Hence, the cleaning process may have affected the 
surface of the membranes thus also affecting the water permeation. It can be seen that all the CM 
membranes gave oil rejections in excess of 97%, irrespectively of the feed pressure. Also, water 
fluxes can be seen to increase marginally with increasing feed pressure. This is in good agreement 
with the pure water flux results. However, the water fluxes for both CM120 and CM1200 
membranes slight deviated from this trend between 4 and 5 bar of pressure. In addition, there is a 
clear indication that the membranes exposed to higher vacuum times (CM600 and CM1200) 
delivered the highest water fluxes in each of the pressure condition.  
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Figure 4.6: Water flux of carbon membrane as a function of feed pressure that tested with oil 
emulsion at 60 minutes 
In order to further understand the results in Figure 4.6, permeation testing was repeated multiple 
times to determine the optimum membrane in this study. Basically, the testing was carried out in 3 
cycles. All membranes were again tested using 5 bar followed by 4 bar and 3 bar. Then, the testing 
cycle was repeated back using the same sequence of feed pressure. For instance, as shown in Table 
4.4, the nomenclature “5 (C1)” is referring to feed pressure of 5 bar for the first cycle of testing. 
Table 4.4 lists the water flux taken at the initial first 5 minutes and at the final 60 minutes for each 
membrane as a function of feed pressure. By carrying out the cycling effect, one can demonstrate 
the effect of oil fouling from the early stages (5 minutes) to the last stages (60 minutes) of 
permeation testing. From the last point of water flux, CM1200 delivers the highest flux as compared 
to all the other CM membranes. Moreover, most of the water flux results at 4 bar are higher than the 
water fluxes measured at 5 bar, which is counter-intuitive given that it is a pressure-driven process. 
One possible explanation could be that higher pressure contributed to some degree of membrane 





Table 4.4: Water flux of CM membranes at 5 (first point) and 60 minutes (last point)  
 First point-5 minutes 
Flux (L m-2 h-1) 
Last point - 60 minutes 
Flux (L m-2 h-1) 
Pressure(bar) CM30 CM120 CM600 CM1200 CM30 CM120 CM600 CM1200 
5 (C1) 34.53 17.66 28.21 19.97 5.39 4.05 7.18 8.10 
4 (C1) 3.21 18.35 8.25 22.48 3.09 4.93 6.52 9.80 
3 (C1) 3.02 7.80 2.08 5.26 1.45 3.98 2.00 4.98 
5 (C2) 7.49 17.99 15.11 37.68 6.75 5.73 8.53 9.43 
4 (C2) 9.88 25.81 16.41 44.19 7.93 6.21 9.64 11.47 
3 (C2) 21.92 16.12 16.15 41.93 7.97 5.66 9.59 10.35 
5 (C3) 29.23 30.81 37.68 58.09 8.51 7.18 11.71 12.21 
4 (C3) 22.76 7.22 37.61 42.35 6.55 4.39 9.16 9.85 
3 (C3) 25.64 6.28 33.94 34.89 7.06 4.21 8.62 9.07 
Exp. error 11.23-13.98% 5.16-5.18% 
 
In the cycling experiment at the end of each pressure testing, chemical cleaning was employed to 
minimize oil fouling as much as possible. Water, sodium hydroxide and nitric acid were used as 
cleaning agents and the specific cleaning procedure is described in Chapter 3. Figure 4.7 shows the 
water fluxes for all the membranes as a function of time and feed pressure. It is generally observed 
that the membranes loose performance from the start of testing until the end of the experiments at 
60 min, where the water flux reaches a pseudo steady state. This trend is typically regarded as oil 
fouling on the membrane as the performance decreases over time. However, such fouling is not 
deleterious as the water flux generally recovered from the fouling through chemical cleaning 
method. Essentially, the dynamic water flux of each membrane is fairly reproducible across each 
cycle even towards the 9th cycle, albeit the last two cycles of CM120 membrane were compromised. 
Remarkably, CM30, CM600 and CM1200 membranes all showed reproducible dynamic water flux 
in their last 3 cycles. Nevertheless, it is unclear that in the 3rd cycle testing, all the membranes 
produced underwhelming fluxes. Possibly the CM membrane structure/morphology is impacted by 
the oil plugging or the cleaning agents. 
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Figure 4.7: Water flux cycle of CM30, CM120, CM600 and CM1200 at different pressure 
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Another indication of fouling can be detected by the oil rejections. UV-Vis analysis was conducted 
to check the oil concentration in the permeate stream. The oil rejection was calculated according to 
the formula as described in Chapter 3 and results are shown inTable 4.5. It is interesting to observe 
that the majority of oil rejection percentages of the membranes were higher than 97% at the first 
cycle, slightly reducing to higher than 95% in the second cycle. The third cycle resulted in further 
oil rejection reduction to 91%. These results clearly indicate that the chemical cleaning is affecting 
the structure of the CM membranes to some extent. 
Table 4.5: Oil rejection percentage after 60 minutes of testing at different pressure 
 Percentage oil rejection (%) 
Pressure 
(bar) 
3 (C1) 4 (C1) 5 (C1) 3 (C2) 4 (C2) 5 (C2) 3 (C3) 4 (C3) 5 (C3) 
CM30 98.9 98.6 99.9 96.6 97 98.4 95.4 97.1 92.5 
CM120 98.5 98.3 99.8 95.6 95.2 99.6 91 91 93.6 
CM600 97.1 97.8 99.8 97.4 97.5 99.2 93.2 95.6 93.2 
CM1200 99.5 98.2 99.7 96.1 97.4 99.2 91 92.9 93.8 
 
Detection of oil was also carried out by FTIR analysis in the feed and permeate sides of the 
substrate and CM membranes at the end (60 min) of separation testing. In Figure 4.8, the 
characteristic peaks of hexadecane in the feed side can be clearly observed between 2800 and 3000 
cm-1. Yet for the substrate, these peaks are present in the permeate side but relatively less intense, 
which shows an oil rejection value of 85%. On the other hand, there are no evidence of hexadecane 
in the permeate side of the carbon membranes with an oil rejection above 98% in the first cycle. 
Also, visual inspection of the permeate water samples for carbon membranes (see Figure 4.8B) 
indicate a clear solution as compared to the oil emulsify feed solution, which is cloudy and turbid. 
 
Figure 4.8: FTIR result and photos of oil-water emulsion (A) and permeate water of carbon 
membranes (B) after 60 minutes filtration 
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4.6. Fouling calculation 
Generally, there are four well-known models to describe membrane fouling mechanisms including 
complete pore blocking, intermediate pore blocking (long term adsorption), standard pore blocking 
(direct adsorption) and cake filtration models [16-20]. In this study, cake filtration theory was used 
as the fouling mechanism and the formula calculation are shown in Chapter 2 [17, 21]. Figure 4.9 
shows the schematic of cake formation as a fouling problem in the membranes during oil water 
separation. The fouling indicator can be determined by investigating the resistance of membrane, 
resistance of cake formation and Vs which is the volume of particles deposited on the membrane 
surface at which then forms a cake layer.  
 
Figure 4.9: Schematic of cake formation fouling on the membranes 
 
Figure 4.10: Graph of t/V as a function of V fitted to the filtration cake model 
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In this model, equation 1 was used to plot a graph yielding a straight line on plotting t/V versus V 
(see Figure 4.10). The calculation is based on the performance of the optimum membrane which is 
















                    (1) 
The calculation of membrane resistance, Rm and specific resistance of the deposit, r as follow: 


















, the value of r is 6.327 x 1018 m-2 
Where Cb is the bulk concentration of particles in the feed (particle volume/feed volume), µ is the 
viscosity of water, ΔP is the transmembrane pressure and Am is the membrane area. By using 
equation 2, the value of cake formation resistance, Rc and volume of particles deposited on the 






















 =52.8 mm3 
Where r is the specific resistance of the deposit, V is the total volume filtered. 
Besides that, the fouling rate can be compared by calculating the percentage change in flux between 
5 mins and 60 mins as referring to volume of deposited oil on the membrane surface. The formula 
















Table 4.6 lists the values of Rm, Rc, r, Vs and percentage flux change for each membrane testing to 
show the fouling rate. As comparison with the flux permeation, the results from this calculation 
show that the lower flux contribution is inversely proportional with the fouling rate due to the 
additional volume of oil particle deposit on the membrane surface. As example, Figure 4.16 
illustrates the fouling rate based on the percentage of flux change from 5 mins to 60 mins for each 
carbon membrane at different pressure at first testing. 





-1) r (m-2) Vs (mm
3) Percentage flux 
change (%) 
CM30 5 (C1) 
4 (C1) 
3 (C1) 
9.08 x 1010 
6.64 x 1011 
8.49 x 1011 
8.09 x 1011 
1.59 x 1011 
7.23 x 1011 
2.56 x 1016 
1.27 x 1016 










4.33 x 1011 
2.18 x 1011 
3.86 x 1010 
6.74 x 1010 
1.61 x 1011 
3.82 x 1011 
2.56 x 1015 
5.20 x 1015 










8.97 x 109 
1.13 x 1010 
1.62 x 1010 
7.34 x 1011 
1.00 x 1012 
4.06 x 1011 
2.21 x 1016 
3.94 x 1016 







CM120 5 (C1) 
4 (C1) 
3 (C1) 
2.63 x 1011 
6.29 x 1010 
1.90 x 1011 
1.91 x 1012 
9.99 x 1011 
4.57 x 1012 
1.25 x 1017 
5.20 x 1016 










3.59 x 1010 
9.12 x 1010 
3.80 x 1010 
9.26 x 1011 
8.03 x 1011 
5.50 x 1011 
4.15 x 1016 
3.32 x 1016 










8.41 x 1010 
2.72 x 1011 
2.38 x 1011 
1.16 x 1012 
5.67 x 1011 
4.08 x 1011 
4.15 x 1016 
3.32 x 1016 







CM600 5 (C1) 
4 (C1) 
3 (C1) 
2.17 x 1010 
2.54 x 1011 
3.73 x 1012 
1.11 x 1012 
1.61 x 1011 
7.99 x 1012 
3.97 x 1016 
6.35 x 1015 











1.19 x 1011 
7.85 x 1010 
2.39 x 1011 
1.78 x 1011 
6.35 x 1015 








3.67 x 108 
4.99 x 1010 
2.82 x 1010 
4.53 x 1011 
5.93 x 1011 
3.99 x 1011 
9.92 x 1015 
1.66 x 1016 







CM1200 5 (C1) 
4 (C1) 
3 (C1) 
2.91 x 1010 
4.39 x 1013 
4.75 x 1011 
1.25 x 1012 
2.42 x 1014 
4.41 x 1011 
5.93 x 1016 
6.33 x 1018 










6.21 x 1010 
3.65 x 1010 
3.36 x 1010 
7.29 x 1011 
4.25 x 1011 
3.84 x 1011 
1.98 x 1016 
9.52 x 1015 










8.17 x 1010 
5.39 x 1010 
2.15 x 1010 
6.31 x 1011 
5.73 x 1011 
4.21 x 1011 
1.33 x 1016 
1.49 x 1016 








From Figure 4.11, 5 bar of testing pressure shows the highest fouling rate (percentage flux change) 
for all membranes, which is more than 70%. Again, this trend could not be replicated for lower 
pressures, as the membranes had already been chemically cleaned which may have caused some 










































Figure 4.11: Fouling rate of carbon membranes at different pressure at first trial 
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4.7. Surface modification and performance testing 
In view of the high fouling rates calculated for the CM membranes, an attempt was made to modify 
the surface properties of the membranes. Surface modification is one of the approaches used to 
reduce fouling on membranes. Oleophobic materials such as titania, silica and alumina for oil-water 
separation application have been investigated by several research groups [22-25]. Based on the CM 
membrane performance results above, CM1200 membranes produced the best water flux at 4 bar 
after testing with 3000 ppm of oil emulsion. Therefore, CM1200 membranes were chosen for 
surface modification by coating silica, titania and alumina on the top of CM1200, and again 
evaluated for oil-water separation at 4 bar. The membranes are denoted with “CM1200” and 
followed another letter related to the surface modification material as described in Table 4.7. For 
instance, CM1200-S is defined as the carbon membrane exposed to 1200 vacuum and surface 
modified with silica (S).  
Table 4.7: Carbon membranes with different top layer 
Top layer Silica Alumina Titania 
Membrane nomenclature CM1200-S CM1200-A CM1200-T 
 
Figure 4.12 shows pure water fluxes for the CM1200, CM1200-S, CM1200-T and CM1200-A 
membranes at 3, 4 and 5 bar. The experimental error for each testing was ± 8%. The water flux rose 
gradually with increasing the pressure for each of tested membrane. CM1200 displays a highest flux 
at all pressure compared to all surface modified membrane. The membrane performance was 
consistent as the water fluxes followed CM1200>CM1200-S>CM1200-T>CM1200-A. These 
results clearly indicate the effect of different materials coated on the top of CM1200 membranes.  
 
Figure 4.12: Water flux permeation of CM1200, CM1200-S, CM1200-T and CM1200-A at 
different pressure 
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Figure 4.13 displays the water flux and oil rejection percentage of the CM1200 and surface 
modified membranes tested at 4 bar for 1 hour. It is interesting that the CM1200-T membrane 
delivered the highest water flux, 13% higher than the CM1200 membrane, whilst CM1200-A was 
16% lower than that of the CM1200 membranes. The water fluxes followed the order of 
CM1200T>CM1200-S>CM1200>CM1200-A. It is interesting to observe that the water flux for 
oil/water separation were generally one order of magnitude below the pure water fluxes, expect of 
the CM1200-A membrane with 56% reduction only. Oil rejections > 98.5% were consistent for all 
membranes, a reduction of 3000 ppm in the feed to 45 ppm in the permeate side.  
 
Figure 4.13: Flux and percentage of oil rejection for CM1200, CM1200-S, CM1200-T and 
CM1200-A at 4 bar 
The list values of Rm (membrane resistance), Rc (cake formation resistance), r (specific resistance of 
deposit), Vs and percentage flux change for each modified membrane testing are shown in Table 
4.8. A comparison with the water flux permeation (see Figure 4.13), higher flux is directly 
proportional with the volume of oil particle deposit (Vs) on the membrane surface. For instance, 
CM1200-S with 10 L m-2 h-1 flux contributes 55.01 mm3 of oil volume deposited on the surface 
while CM1200-T with 11.05 L m-2 h-1 flux has higher volume of oil deposited which is 60.82 mm3. 
CM1200-A illustrates the highest membrane resistance while CM1200-S gives the highest value for 





Table 4.8: The comparison values of Rm, Rc, r, Vs for surface modified membranes. 
Membrane Rm (m
-1) Rc (m





1.14 x 1016 
1.37 x 1016 
2.39 x 1016 
1.71 x 106 
3.58 x 105 
8.45 x 105 
4.39 x 1010 
8.31 x 109 





Although major changes in water flux were observed between water fluxes for pure water and 
oil/water permeation, Figure 4.14 shows the percentage of flux change from 5 min to 60 min for 
each membrane tested at 4 bar. Although the CM1200 membrane gave the lowest 56.4% fouling 
rate, in fact this membrane had a very significant fouling rate for the 5 minutes with water fluxes 
reducing from 134.4 to 22.5 L m-2 h-1. Similar significant water flux reduction was also for the 
CM1200-S and CM1200-T membranes. The CM1200-A had the smallest water flux reduction 
within the first 5 minutes of permeation testing. The results for CM1200-S and CM1200-T 
membranes are within the error (± 4%). With the exception of the CM1200-A, these results show 
that major fouling occurred within the first 5 minutes. 
 
Figure 4.14: Fouling rate of CM1200, CM1200-S, CM1200-T and CM1200-A at 4 bar 
4.8. Discussion and Analysis 
Nitrogen adsorption analysis revealed that the CM materials resulted in a tri-model pore size 
distribution. It was also observed that the vacuum time exposure played an important role in 
tailoring the structure of the CM materials, as increasing the vacuum time led to a significant 
increase in the total pore volume and BET surface area. As the latter is generally calculated for the 
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first nitrogen adsorbed layer, and that microporous structures have higher surface area than 
mesoporous structures, these results clearly indicate that increasing the vacuum time conferred a 
higher degree of microporosity, particularly that surface areas are very high close to 2000 m-2 g-1. 
The PSD based on the BJH method shows a well-defined and narrow microporous region, followed 
by a second broad distribution containing both micro and mesopores. The third distribution is also 
broad from mesopore to macropore regions. 
These structural features of the CM materials have a strong correlation with the performance of the 
membranes. Figure 4.15a shows that there is a clear trend that the water flux increased as a function 
of the vacuum time. This increase is significant, by over one order of magnitude, from 13.6 to 169 L 
m-2 h-1 for the CM0 to the CM1200 membranes. It is well-known in membrane technology that the 
flux of membranes is associated with the total pore volume of the membrane films. This point is 
shown in Figure 4.15b with a minor exception for the CM30 and CM120 membranes. This variation 
could be attributed to three reasons. First, the vacuum times of 30 and 120 seconds do not provide a 
major structural difference and results for pore volumes (Figure 4.2b) and BET surface areas 
(Figure 4.2a) are within an experimental error of at least ± 10% for nitrogen adsorption. A second 
reason is related to the vacuum times which may require longer time (> 120 seconds) to provide 
noticeable structural changes. Hence, short vacuum times produce similar structure. The third 
reason can be observed in the pore size distribution (Figure 4.2b) where the CM30 material had a 
higher microporous matrix than the CM120. This subtle different means that the water flux 
resistance is higher for microporous materials than a mesoporous one, thus explaining the slightly 
higher water flux for the CM120 membrane though its total pore volume was slightly smaller than 




Figure 4.15: Water flux as a function of (a) vacuum time and (b) pore volume 
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For oil-water separation testing, CM0 was not carried out due to very low flux of water. Generally, 
water fluxes reduced by close to one order of magnitude for the high flux CM membranes for the 
first 5 minutes, and then ~65-80% from 5 to 60 min testing as compared to pure water testing at 5 
bar feed pressure. This point can be clearly seen in Figure 4.16, showing the significant water flux 
reduction within the first 5 min and then further reduction to 60 min. In principle, the membranes 
with the highest flux for pure water had the highest fouling rate associated with the water flux 
reduction within the first 5 min. This is expected as high flux implies that the number of oil droplets 
reaching the surface of the membrane increases, thus explaining the severe fouling rate. However, it 
is interesting to observe in Figure 4.16 that the flow rates for all membranes were very close at 60 
min water permeation testing. These results clearly indicate that membrane oil fouling is controlling 
the water flux independently of the initial water fluxes of the membranes.  
Since high oil emulsion (3000 ppm) was used in this study, the fouling had occurred rapidly which 
led to a significant flux reduction. The calculation of fouling rate also reveals that 5 bar of feed 
pressure has the highest fouling rate. This is related to the model used for the calculation, where 
high flux implied a higher deposition ratio of oil particles. Although this model gives an indication 
of the fouling rate, this model does not take into consideration oil adsorption on the CM membrane 
surface. Hence, further research is warranted to include oil adsorption in this model which is 
beyond the scope of this thesis. Although fouling continued to occur at every cycle of cleaning and 
testing, the effect of chemical cleaning of the membrane surface did yield some initial permeation 
improvements. Further, chemical cleaning was observed to start affecting the surface properties of 
the membranes, and therefore consistent results in terms of flux or fouling rate could not be 
measured. However, after each cycle of the testing and cleaning, the oil rejection reduced. This 
result strongly suggests that the chemical cleaning was affecting the carbon matrix of the CM 
membrane causing irreversible changes. 
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Figure 4.16: Water fluxes for pure water (), oil/water at 5 () and 60 () min for CM 
membranes at 5 bar 
Oil fouling became a serious problem, which leads to question the suitability of the CM membranes 
for oil/water separation. In terms of industrial application, cleaning the CM membranes at every 60 
min makes this process not feasible. To address this problem, CM membranes were surface 
modified with coatings of silica (CM-S), titania (CM-T) and alumina (CM-A). A comparison of the 
performance of these membranes for pure water, oil/water at 5 and 60 min is shown in Figure 4.17. 
There is clear trend associated with oil fouling which controls the water flux for all the membranes. 
The initial pure water flux reduced sequentially in the order of CM>CM-S>CM-T>CM-A. The 
structural differences of these membranes are associated with the use of polymeric reactions of 
silica (ES40) and titania (iso-propoxide), whilst alumina tends to form particulate structures. It 
seems that the surface coating with alumina may have caused pore blockage of the CM under-layer, 
thus greatly increasing the resistance to water permeation. Overall, the same fouling problems 
found in the CM membranes were also found in the surface modified membranes. This is mainly 
associated with the carbon matrix of the membranes. In a similar fashion, water flux reduction 
occurred in the first 5 min into the oil/water permeation testing. Overall, the titania (CM-T) 
modified membrane gave a slightly better water flux at 60 min. 
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Figure 4.17: Water fluxes for pure water (), oil/water at 5 () and 60 () min for CM1200 
surface modified membranes 
A comparison of oil/water separation performance with membranes reported in literature is 
warranted. However, a note of caution must be observed for comparing membranes with different 
shapes and thicknesses, testing conditions, type of oils and oil concentrations. Overall, the oil 
rejections for the CM membranes are similar as those reported in the literature. For instance, carbon 
membranes typically delivered > 97% oil rejections for oil concentration in significantly lower level 
from 100 to 400 mg L-1[26]. In fact, the majority of works in literature for other membranes made 
of alumina [27], zirconia [22] and zeolite [28] used much lower oil concentrations than the 3000 mg 
L-1 (i.e. 3000 ppm) as reported in this thesis. Fouling in this work is more severe than those reported 
in literature [29] which is explained by the high oil concentration of 3000 ppm in this thesis. As the 
feed oil concentration increases, so does the fouling rate. There are also a number of papers reported 
for water/oil separation containing other types of surface modification including MCM [30], GO 
[31] and zinc cobalt oxides [24] with similar performances in terms of oil rejection as in this thesis. 
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Overall all membranes delivered high oil rejections (> 97%) in the first cycle of testing, prior to 
chemical cleaning. In this chapter, the major focus was on structural pore control and membrane 
performance for water and oil/water permeation. There are interesting morphological features of the 
CM materials exposed to varying vacuum times which warrant further discussions on the potential 
mechanism leading to changes in the structural formation of these CM membranes. These will be 
addressed in Chapter 6. 
4.9. Conclusions 
A strong correlation was found between the morphological and structural features of the CM 
materials and the performance of the CM membranes. By increasing the vacuum time, the total pore 
volume and mesoporosity correlated very well with the increase in water fluxes. In view of the high 
oil rejections measured of 97.1-99.9% in this work, the probability of linking meso and micropores 
with each other was very small. Hence, oil rejection was mainly controlled by the microporous 
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region of the CM membranes. Oil fouling was problematic, though chemical cleaning of the CM 
membranes provided a solution for further testing of the membranes. High pressure triggered the 
compaction of oil on the membrane surface, and thus blocking the pores of CM membrane for water 
permeation. Chemical cleaning affected the surface and structure of the CM membranes to some 
degree, and thus affecting water fluxes and fouling rates in subsequent testing cycles. Oil rejection 
also slightly reduced after each chemical cleaning cycle, thus showing the irreversible effect of 
chemical cleaning. 
Surface modification of the carbon membranes with silica, titania and alumina yielded similar water 
permeation behaviour and fouling problems, where the surface modified membranes delivered 
similar fluxes as the CM membrane after 60 min of testing. Surface modification with titania 
showed the best results, though it is only slightly better by 16% of improvement. The fouling rates 
measured for the surface modified CM membranes were in the similar order as the CM membrane, 
indicating that the carbon under-layer played a major role in oil fouling. 
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Chapter 5: Titania Membranes for Oil-Water 
Separation 
5.1. Abstract 
This chapter presents the performance and results of titania material and titania membranes that 
were prepared through a combination of conventional dip-coating and vacuum-assisted methods on 
the commercial alumina macroporous substrate. Initially, titania membranes were produced with 
different numbers of coating layer on the top, however, one layer coating shows the highest flux. 
Thus, for further investigation, titania membranes with one layer were produced with different 
vacuum time to study the effect of vacuum time on oil-water separation performance. All the 
membranes were tested with 3000 ppm of feed oil concentration via a pressure driven process of 3, 
4 and 5 bar. In general, a clear trend can be observed that the flux is reduced with the increasing 
number of dip-coating layer. The oil rejection for the titania membranes were found between 88-
93%. Interestingly, titania membranes with different vacuum time shows that membrane vacuumed 
for 1200 s (highest vacuum time) produced the largest water flux. The titania membranes were 
tested for 60 minutes and the fouling rate was calculated. The fouling rate is directly proportional 
with the flux permeation and vacuum time applied. After every cycle of testing with oil emulsion, 
the titania membranes were cleaned using the same chemical cleaning method as devised in Chapter 
4 for the carbon membranes. Hence, the effect of chemical cleaning by sodium hydroxide and citric 
acid on the membranes were examined in this chapter based on the cycling performance.  
5.2. Introduction  
Titania (TiO2) shows promising potential as a surface modification material in Chapter 4. This 
chapter focuses entirely on titania membranes for oil-water separation. In addition, titania 
membranes have been reported for oil-water separation [1-3] in the literature. However, some of 
research groups focussed on the feed oil concentration less than 2000 ppm to achieve high oil 
rejection and high flux [4-6]. In this chapter, the focus continues to be waters containing oil 
emulsions with 3000 ppm as advised by Shell Oil Company. The parameters of interest included in 
this chapter are (i) amount of coating layer on the substrate and (ii) vacuum time during membrane 
preparation. 
Firstly, the titania membranes developed were exposed to vacuum times of 1200 seconds with 
different numbers of coating layer, so they differ from those previously reported in literature [7, 8]. 
The vacuum time of 1200 seconds was selected based on the best performance of carbon 
membranes in Chapter 4. The titania membranes are abbreviated by “TM” followed by the number 
of dip-coating layer applied on the top surface. For instance, TM2 indicates a titania membrane with 
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two layers, where each layer was prepared via the vacuum-assisted and calcination process (see 
Table 5.1). 
Table 5.1: Titania membranes with different amount of top layer 
Amount of top layer 1 layer 2 layers 3 layers 
Membrane nomenclature TM1 TM2 TM3 
 
For further investigation, the titania membranes with one layer of coating were also prepared at 
different vacuum-assisted time between 30-1200 seconds. The membranes are denoted with “TM1” 
and followed by vacuum time as described in Table 5.2. For example, TM1-30 is defined as a 
titania membrane with one coated layer with 30 seconds of vacuum exposure time. Likewise, titania 
materials were also prepared for material characterizations.  
Table 5.2: Titania membranes with one layer of coating at different vacuum time 
Sample/codes 
Vacuum exposure time 
0 s 30 s 120 s 600 s 1200 s 
Titania materials TM1-0 TM1-30 TM1-120 TM1-600 TM1-1200 
Titania membranes TM1-0 TM1-30 TM1-120 TM1-600 TM1-1200 
 
The details of membrane preparation, characterisation, and testing are described in Chapter 3. All 
the membranes were tested with pure water first and then 3000 ppm of oil emulsion using a 
pressure driven process of 3, 4 and 5 bar. After testing, chemical cleaning was implemented to 
investigate the recovery property of the membranes. Subsequently, the fouling rate were calculated 
using the same formula reported in Chapter 3.  
5.3. Effect of amount coating layer 
5.3.1. Material characterisation results 
Figure 5.1a shows the nitrogen sorption isotherm of titania material after calcination at 400 °C. It is 
important to realize that the structural properties of xerogels may differ from titania thin  films due 
to differences in evaporation and drying rates [7]. The nitrogen isotherm in Figure 5.1a shows a 
classical type IV isotherm shape according to IUPAC classification, typical for mesoporous 
structure [9]. Adsorption increased rapidly at low partial pressure (p/po = 0.1) after which increase 
steadily reaching to an adsorption saturation  near p/po < 0.7. A hysteresis loop of the desorption 
branch at 0.4 < p/po < 0.7 is observed, which is related to the capillary condensation within the 
mesopores. The specific surface area for the titania material via Brunauer-Emmett-Teller (BET) is 
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67.5 m2 g-1. Figure 5.1b reveals the pore size distribution (PSD) of the titania material by Barrett-
Joyner-Halenda (BJH) method by using the desorption branch of the isotherm. The PSD illustrates a 
single distribution with an estimated average pore size is 3.6 nm which indicates a mesoporous 
structure. 
 
Figure 5.1: (a) Nitrogen adsorption isotherm of TM material (close symbols are adsorption and 
hollow symbols are desorption) and (b) pore size distribution of TM material 
The wide-angle XRD patterns of the as-synthesized powders are shown in Figure 5.2 which 
indicates that the titania prior to calcination (blue pattern) exhibited a broad peak around 26° of 2θ, 
indicating the presence of an amorphous phase. After calcination, the XRD pattern of the titania 
xerogel displays four sharp distinct peaks which are assigned to TiO2-anatase (JCPDF-894121) and 
this result is consistent with reported studies elsewhere [7, 8, 10]. According to Scherrer’s equation, 
the average TiO2-anatase crystallite were approximately 12.8 (±1.0) nm calculated from peak width 




Figure 5.2: XRD patterns of titania sol (a) before and (b) after calcined 
5.3.2. Membrane characterisation results 
Figure 5.3 shows a photographic image of a calcined titania membrane coated on alumina substrate 
with 1200 s of vacuum application. The colour of the titania membrane is milky white and no 
apparent defect can be observed from the membrane. Similarly, titania membranes with 2 and 3 
layers also look indifferent to TM1 titania membrane. 
 
Figure 5.3: Titania membrane prepared with one layer of coating and 1200 seconds vacuum-assisted  
Representative SEM images of a blank alumina support and three titania membranes (TM1, TM2 
and TM3) are shown in Figure 5.4. Thin film top-layers could not be observed on any of the 
substrates of the titania membranes. This could be attributed to vacuum exposure of 1200 s which 
assisted the titania film to impregnate into the pores of the alumina substrate. On closer inspection 
of Figure 5.4g and h, TM3 membrane appears to compose of a very light coverage of titania in 
between the alumina particles.  
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Figure 5.4: Scanning electron micrograph of cross-section of TM membranes prepared through 
different number of coating layers for (a) alumina substrate (c) TM1 (e) TM2 (g) TM3 and the 
corresponding surface morphology of (b) alumina substrate (d) TM1 (f) TM2 and (h) TM3 
5.3.3. Membrane testing 
Firstly, the titania membranes were tested in pure water prior to oil-water separation. Figure 5.5 
shows the water flux of the titania membranes as a function of the feed pressure. The experimental 
error is ± 8%. TM1 membrane with a single coat has a maximum flux of 150.4 L m-2 h-1 at 5 bar. At 
the same pressure of 5 bar, TM3 presents a lowest flux with 29.2 L m-2 h-1. Overall, the lowest 
water flux value was produced by TM3 membrane (triple titania coating) with 23 L m-2 h-1 at 2 bar 
of pressure. A clear trend is observed when raising the pressure resulted in increasing the water flux 
of all the membranes systematically. In addition, the flux is inversely proportional to the number of 
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titania coating on the substrate. For instance, the water flux at 5 bar for TM1 is 36% and 81% 
higher than that of TM2 and TM3 respectively.  
 
Figure 5.5: Water flux of titania membranes as a function of the feed pressure 
Figure 5.6 displays the water flux of the membranes from oil-water separation testing. It is 
important to make a qualification here is that the oil water permeation/separation tests were carried 
out initially at a feed pressure of 5 bar, then 4 bar and then 3 bar, much in line with Chapter 4. The 
membranes were also cleaned every time after each pressure testing was finished. The highest flux 
by TM1 membrane at 5 bar reached 23.6 L m-2 h-1. Again, TM3 membrane gave the lowest flux of 
2.8 L m-2 h-1 at 3 bar. The water fluxes of all the titania membranes for oil/water separation 
followed the same trend as for pure water testing (Figure 5.5), where water fluxes increased as a 
function of the feed pressure. However, oil rejection was inversely proportional to water fluxes. For 
instance, the higher water flux TM1 membrane delivered the lowest oil rejection of 90.7% whilst 
the lower water flux TM3 membranes produced the highest oil rejection of 93%.  
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Figure 5.6: Water flux of titania membrane that tested with oil emulsion at 60 minutes for first cycle 
In order to understand further the results in Figure 5.6, permeation testing was repeated several 
times at each feed pressure to find the best membrane performance in this study. Basically, the 
testing was carried out in 3 cycles. All membranes were again tested with 5 bar followed by 4 bar 
and 3 bar. Then, the same cycle is repeated. For instance, nomenclature 5 (C1) is referring to 
pressure used of 5 bar for the first cycle. Table 5.3 lists the water permeation of each membrane at 
different pressures at 5 and 60 min, demonstrating the effect of fouling from the early stages (5 min) 
to the last stages (60 min) of permeation. Within the experimental errors of this work, the results are 









Table 5.3: Water flux of titania membranes at 5 min (first point) and 60 min (last point) as function 
of feed pressure. 
 First point-5 minutes 
Flux (L m-2 h-1) 
Last point - 60 minutes 
Flux (L m-2 h-1) 
Pressure (bar) TM1 TM2 TM3 TM1 TM2 TM3 
5 (C1) 47.5 27.9 7.0 23.5 14.4 4.2 
4 (C1) 29.6 21.9 5.1 8.8 7.8 3.8 
3 (C1) 14.6 8.8 3.8 7.0 5.9 2.8 
5 (C2) 34.7 16.9 5.4 14.7 9.1 4.2 
4 (C2) 23.4 10.6 4.1 10.6 7.6 3.5 
3 (C2) 11.2 8.1 3.0 3.0 5.8 2.8 
5 (C3) 28.8 14.8 5.6 13.7 9.2 4.8 
4 (C3) 13.2 8.6 4.7 8.1 6.5 3.9 
3 (C3) 12.2 6.8 4.0 7.2 5.7 3.3 
Experimental error 11.2% 5.2% 
 
After each test, chemical cleaning was carried out due to oil fouling which can be observed by the 
flux decline within 60 mins of the experiment. Water, sodium hydroxide and citric acid were used 
as cleaning agents as described in Chapter 3. Figure 5.7 displays the water fluxes for all the 
membranes as a function of time. It is generally observed that the membranes loose performance 
from time zero until the end of the experiments at 60 minutes. It is also observed that flux can be 
generally recovered partially from the fouling through chemical cleaning method. These results 
illustrate that membranes were becoming less effective after each cycle of testing due to fouling, 
and again perhaps the cleaning method may have affected the surface of the membranes and the 





Figure 5.7: Water flux cycle of TM1, TM2 and TM3 at different pressure 
UV-Vis analyses was conducted to ascertain the oil concentration on the permeate side. The oil 
rejection in Table 5.4 was calculated according to the formula described in Chapter 3. It is 
interesting to notice that most of oil rejection percentage were higher than 88% after 3 cycles of 
testing and chemical cleaning which is lower than the oil rejection of the carbon membranes 
reported in Chapter 4. There is a reduction in oil rejections between cycles 1 and 2 but then oil 
rejection values remain very similar at the third cycle. These results clearly indicate that the 
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chemical cleaning is slightly affecting the structure of the titania membranes, but not as much as 
those observed for the carbon membranes in Chapter 4. 
Table 5.4: Oil rejection percentage after 60 minutes of testing at different pressure 
 Percentage oil rejection (%) 
Pressure(bar) 3 (C1) 4 (C1) 5 (C1) 3 (C2) 4 (C2) 5 (C2) 3 (C3) 4 (C3) 5 (C3) 
TM1 86.6 86.5 90.7 89 88.8 88.8 88.9 88.3 89 
TM2 88.9 88.4 91.6 89.2 89 88.9 89 89 88.8 
TM3 88.5 88.3 93 89.6 89 88 89.2 89.3 89.1 
 
5.3.4. Fouling calculation 
The cake filtration theory was used to calculate the fouling rates in titania membranes and an 
example of calculation can be referred to in Chapter 4. Table 5.5 lists the values of Rm, Rc, r, Vs and 
percentage flux change for each membrane. There are variations of flux reduction after each 
chemical cleaning, again confirming previous results and discussions that chemical cleaning did 
affect the structural properties of the membranes. As a comparison of the flux permeation, the 
additional volume of oil particle deposit on the membrane surface is directly related to the flux. As 
an example (see Figure 5.6), the fluxes for TM1 is 23.6, 8.8 and 7 L m-2 h-1 at 5, 4 and 3 bar 
respectively. The value of Vs also decreased from 132.54 mm

















-1) r (m-2) Vs (mm
3) Percentage flux 
change (%) 
TM1 5 (C1) 
4 (C1) 
3 (C1) 
2.15 x 1015 
2.10 x 1016 
1.58 x 1016 
3.49 x 106 
2.71 x 104 
1.51 x 106 
3.80 x 1010 
7.92 x 108 










5.85 x 1015 
9.35 x 1015 
1.75 x 1016 
2.34 x 106 
2.03 x 106 
1.68 x 106 
4.08 x 1010 
4.89 x 1010 










5.85 x 1015 
1.17 x 1016 
1.23 x 1016 
3.02 x 106 
3.34 x 106 
2.27 x 106 
5.64 x 1010 
1.05 x 1011 







TM2 5 (C1) 
4 (C1) 
3 (C1) 
5.85 x 1015 
2.34 x 1016 
1.23 x 1016 
4.04 x 106 
8.72 x 105 
2.93 x 106 
7.21 x 1010 
2.86 x 1010 










1.46 x 1016 
9.35 x 1015 
1.05 x 1016 
3.52 x 106 
4.24 x 106 
3.38 x 106 
9.88 x 1010 
1.43 x 1011 










1.17 x 1016 
9.35 x 1015 
7.01 x 1015 
4.08 x 106 
4.76 x 106 
4.04 x 106 
1.14 x 1011 
1.88 x 1011 







TM3 5 (C1) 
4 (C1) 
3 (C1) 
5.85 x 1016 
2.34 x 1016 
3.51 x 1016 
4.39 x 106 
4.55 x 106 
4.03 x 106 
2.71 x 1011 
3.10 x 1011 










2.92 x 1016 
1.87 x 1016 
3.51 x 1016 
5.95 x 106 
5.51 x 106 
5.65 x 106 
3.59 x 1011 
3.98 x 1011 










8.77 x 1015 
1.64 x 1016 
1.75 x 1016 
7.21 x 106 
5.79 x 106 
4.34 x 106 
3.82 x 1011 
3.81 x 1011 








The fouling rate in Figure 5.8 is shown in terms of percentage of flux change between 5 min and 60 
min of testing. It is observed that TM1 gave the highest fouling rate followed by TM2 and TM3 
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with experimental error ±5% irrespective of feed pressure. Generally, no clear trend can be 
observed in term of pressure, except in the third cycle of testing, as the membranes were chemically 
cleaned and causing structural changes for the titania structure, the fouling rate decreases with 
respect to pressure for all the membranes. The fouling rate in third cycle (see Figure 5.8c) illustrates 
a similar trend as flux permeation in Figure 5.6. 
 
Figure 5.8: Fouling rate of titania membrane at (a) first cycle (b) second cycle (c) third cycle 
5.4. Effect of vacuum time 
5.4.1. Membrane testing 
In this section, five titania membranes with a single deposition were prepared using different 
vacuum time. All the titania membrane testing were carried out at 4 bar to be consistent with carbon 
membranes discussed in Chapter 4. Initially, the testing was done in pure water as a feed solution 
and the flux values reached a steady state in 15 minutes of testing. As shown in Figure 5.9, the 
water permeation of all titania membranes are within the experimental error of ±7%. Yet, TM1-0 
and TM1-1200 shows some flux differences. The water flux for TM1-0 is 138.3 L m-2 h-1 whilst 
water flux for TM1-1200 is 12% higher, despite the errors do overlap slightly.  Although within the 
experimental error, there is a trend that increasing the vacuum time increases the water flux which 




Figure 5.9: Water flux of titania membrane at different vacuum time 
Following from the pure water condition, the titania membranes were tested using 3000 ppm of oil 
emulsion at 4 bars of pressure. Figure 5.10 shows the same trend that the flux significantly 
increased as a function of the vacuum time. For instance, TM1-1200 has the highest flux of 7.1 L m-
2 h-1 and TM1-0 produced the lowest flux of 4.5 L m-2 h-1. The longest vacuum time (TM1-1200) 
exhibits 37% of flux increased as compared with no vacuum applied (TM1-0). It is important to 
mention here that the titania membranes at different vacuum time were tested after molecular 
weight cut-off testing using glucose, sucrose, PVP-40000 and PVP-360000, which is reported in 
Chapter 6. The membranes were cleaned with water at room temperature.  
 
Figure 5.10: Water flux of titania membrane as a function of vacuum time that tested with oil 
emulsion at 60 minutes 
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Table 5.6 lists the water flux of the titania membranes at 5 min (first point) and 60 min (last point) 
of the testing. The first point and last point can be used to illustrate the fouling rate of each 
membrane. Interesting, all the membranes gave a relatively high oil rejection of 91% which is 
equivalent to 270 ppm in the permeate water in contrast to the 3000 ppm of feed oil concentration. 
However, these results do not meet the discharge requirement of Australian Regulation Standard 
which is only 10 ppm. As such, a further analysis of oil fouling is warranted to understand the 
fouling mechanism. 
Table 5.6: The flux of titania membrane at 5 minutes (first point), 60 minutes (last point) and oil 
rejection after 60 minutes 
Membrane First point-5 minutes 
Flux (L m-2 h-1) 
Last point - 60 minutes 
Flux (L m-2 h-1) 
Oil rejection (%) 
TM1-0 17.42 4.51 91.1 
TM1-30 16.61 4.91 91.4 
TM1-120 22.11 5.28 91.1 
TM1-600 22.10 6.06 91.1 
TM1-1200 29.20 7.05 91.0 
 
5.4.2. Fouling calculation 
The fouling mechanism in this section is also established by the cake filtration theory, which is 
described in Chapter 4. Table 5.7 lists the values of Rm, Rc, r, Vs and percentage flux change as 
fouling rate for each of the membrane. There is no trend observed in terms of flux reduction, as this 
value is scattered between 70 and 76%. Figure 5.11 displays the calculation of fouling rate 
corresponding to the percentage flux change between 5 and 60 min of all the titania membranes 
with different vacuum time. The experimental error for this calculation is ± 6%. Basically, all of 
these results are within the errors with the lowest (~70%) and highest (~76%) percentages belong to 
TM1-30 and TM1-120 membranes, respectively. However, the volume of oil (Vs) retained on the 






Table 5.7: The comparison values of Rm, Rc, r, Vs and percentage flux change of titania membrane 
at different vacuum time at 4 bar 
Membrane Rm (m
-1) Rc (m
-1) r (m-2) Vs (mm
3) Percentage flux 
change (%) 
TM1-0 2.54 x 1016 2.18 x 106 8.35 x 1010 40.99 74.11 
TM1-30 2.49 x 1016 2.61 x 106 9.74 x 1010 41.26 70.44 
TM1-120 2.15 x 1016 1.52 x 106 4.98 x 1010 45.08 76.12 
TM1-600 1.40 x 1016 2.03 x 106 5.77 x 1010 50.92 72.58 
TM1-1200 9.15 x 1015 1.55 x 106 3.55 x 1010 61.79 75.86 
 
 
Figure 5.11: Fouling rate based on percentage flux change of TM at different vacuum time 
5.5. Discussion and Analysis 
Water flux for the titania membranes increased with pressure due to a higher driving force and 
decreased with the number of titania layers. The latter is attributed to the additional titania material 
coated on the substrate, thus increasing the film thickness, and increasing the mass transfer 
resistance of the water molecules [13]. This can be seen in Figure 5.4 from the SEM images where 
an increase in titania coats results in an increase of titania that infiltrates into the support layer. 
Figure 5.6 shows the water flux for oil emulsions (3000 ppm oil) which follows the same trend of 
mass transfer as the pure water testing, again attributed to the resistance of mass transfer through 
thicker membrane films. However, water fluxes for oil-water separation were much lower than the 
pure water fluxes due to the effect of oil fouling on and within the titania membranes. Oil rejection 
slightly increased with increased number of layers. It is suggested that this is due to the preferential 
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infiltration of titania into the larger pores of the support during vacuum impregnation, or the 
reduction of pore sizes at the interface of each layer. This is thought to occur due to higher suction 
pressures flowing through the larger pores of the membranes, or bringing the layer interfaces closer 
to each other. This inhibits the permeation of the larger oil droplets, as these pores account for a 
majority of the pores available for the oil permeation. 
It is observed that water fluxes for oil emulsion separation greatly reduced as compared to pure 
water tests, with the flux declining from 100 to 47.5 L m-2 h-1 for the TM1 membrane (after 5 mins 
of testing at 5 bar during the first testing cycle). Hence, fouling is a serious problem, similar to the 
carbon membranes in Chapter 4. This fouling problem is supported by the large oil droplet sizes of 
at least 10 µm (Figure 3.3, Chapter 3), and thus blocking the pores of the titania membranes which 
are ranging between 2-10 nm (Figure 5.1b). Over time the water flux further decreases, dropping to 
24.5 L m-2 h-1 after 60 mins of testing. This is due to the accumulation of oil fouling on the 
membrane surface creating an additional mass transfer resistance layer, which further inhibits water 
permeation through the membranes. Due to high oil concentration of 3000 ppm was used in this 
study, the fouling occurred very fast. Figure 5.7 shows the fluxes of TM1, TM2 and TM3 
membranes across multiple cycles. It can be seen that the flux at each tested pressure reduces over 
multiple cycles of testing. Again, the chemical cleaning process may affect the membrane 
presentation.  
The variation of water permeation of titania membranes prepared with different vacuum time was 
not significant. When testing the membrane with oil emulsion, again variations in flux were minor 
and within experimental error. As state in Table 5.5 and Table 5.7, the percentage of flux change 
from the first point (5 min) to the last point (60 min) was high which is > 70% for the first coated 
layer membrane and reduces to 48% and 49% for second and third coated layer membranes 
respectively. The volume of oil deposited, Vs is directly proportion with the water permeation flux 
and vacuum time as illustrates in Figure 5.12. Such trend is in line with the fouling principle 
whereby larger flux is associated with greater fouling propensity. This is due to the increased 
concentration of oil build-up on the membrane surface from a continuous pressurized separation. 
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Figure 5.12: Volume of oil deposited, Vs on the TM as function of flux and vacuum time 
Comparing to the oil emulsion separation performance of titania membranes reported in the 
literature, the performance of oil rejection in this study is quite similar with Yang and co-worker 
[14] but their feed oil concentration was 200 ppm which is 15 times lower than the 3000 ppm of oil 
concentration used in this project. Other work showed that titania membrane delivered a higher 
water flux than this study [3] but the pore size of their membrane is 10 times larger than the titania 
membranes reported in this chapter. This can be expected because larger membrane pore size 
generates a higher flux because of lower mass transfer resistance. Surface properties also play an 
important factor for increasing the permeation such as titania [2, 15]. Other inorganic membranes 
such as alumina [1, 16], silica [17], zeolite [18] and zirconia [19] also showed higher water fluxes 
than this work with oil rejection reaching 93%. 
Again, it must be contextualized that the feed oil concentration reported in the literature are all less 
than 2000 ppm which is much lower than that used in this study. The membrane fluxes recorded in 
this thesis compare well to studies which have investigated feed oil concentrations greater than 
2000 ppm. Abbasi et al. [20] reported that kaolin clay membranes with feed oil concentrations of 
2000 and 3000 ppm produced higher water flux than this work. However, the previous study used 
the feed temperature of 35 °C, while in our work the feed was maintained at room temperature. 
Srijaroonrat et al. [21] tested alumina/zirconia membranes with 3000 ppm feed oil concentration 
and produced higher flux with a lower rejection of 80%. Further details of comparison are shown in 
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The coating and vacuum-assisted impregnation of titania sol onto alumina macroporous supports 
with 1-, 2- and 3-layers of titania produced membranes with high water fluxes and relatively high 
oil rejections. The 1 layer titania membrane (TM1) produced fluxes of 100 L m-2 h-1 in pure water 
condition at a feed pressure of 5 bar. The addition of more titania layers reduced the water flux as 
expected due an increased mass transfer resistance from thicker membranes. Similarly, water fluxes 
increases proportionally with increasing feed pressure. Similar trends were also observed in 3000 
ppm oil-in-water solutions but water fluxes were significantly compromised due to severe oil 
fouling. However, oil rejection increased with the number of titania layers; the TM3 membrane 
gave oil rejections of 93%. Due to this, membranes were cleaned after each pressure testing though 
water flux was not fully recovered. 
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The titania membrane of 1 layer of coating were prepared using different vacuum time including no 
vacuum, 30, 120, 600 and 1200 seconds of vacuum exposure. Interestingly, TM1-1200 illustrates 
the highest water flux of 154 L m-2 h-1 in pure water and 7.05 L m-2 h-1 in oil emulsions separation, 
which is indicative of the significant oil caking issue causing more than 95% of flux reduction. The 
oil rejection of all the tested membranes is 91% which is an equivalent of 270 ppm in the permeate 
side. The volume of oil particle deposited on the membrane surface is directly proportion to water 
flux and vacuum time. 
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Chapter 6: Molecular Weight Cut-off and Structural 
Analysis of Membranes 
6.1. Abstract 
This chapter investigates the structural formation and analyses for carbon (CM) and titania (TM) 
membranes prepared at different vacuum exposure (30 to 1200 s) by molecular weight (MW) cut-
off test. Water, glucose, sucrose, PVP-40000 and PVP-360000 at 3000 ppm were used as feed 
solutions for MW cut-off investigation. Each membrane was tested for 60 minutes using these 
organic species for separation capacity. All CM and TM membranes were not able to separate 
glucose and sucrose, thus indicating the membrane pore sizes are larger than the kinetic diameter of 
sucrose of 0.9 nm, irrespective of vacuum application. However, all the membranes were able to 
obtain an excellent rejection of near 100% for the larger PVP 360kD. Although all the membranes 
prepared with higher vacuum time generated higher water fluxes where TM membranes were found 
to be at least 20% higher flux than the CM membranes, but the rejection of PVP 40kD revealed 
vacuum exposure led to a superior rejection value for the CM membranes. Characterisation of 
materials was carried out to further provide insight for the MW cut-off performance of all the 
membranes. For the CM membranes, it was postulated that a cluster to cluster aggregation 
mechanism delivered a larger total pore volume, surface area, pore size distribution (PSD) and 
inter-particle space of the clusters as a function of the vacuum time exposure for the CM materials. 
For the TM membranes, it was proposed a mechanism leading to Ti─O─Ti networks to form bigger 
particles and likewise led to larger inter-particle void.  
6.2. Introduction 
The previous experimental Chapters 4 and 5 focused on the effect of vacuum assisted method on the 
structural formation of carbon and titania membranes, accompanied by membrane performance in 
terms of water fluxes for pure feed water, water fluxes for 3000 ppm of oil water feed solution and 
their oil rejections. However, oil droplets are relatively large measured around 3 to 20 µm in sizes, 
thus explaining the high oil rejections, but these results do not explain how these pore sizes of the 
membranes developed, and thus offered the high rejections in the previous experimental chapters. 
Therefore, this chapter aims to address these final important questions related to this research thesis. 
The membranes were tested using varying organic substances from low to high molecular weights 
(MW) as listed in Table 6.1, in an endeavour to determine the MW cut-off region of the membranes 
as a function of vacuum time. In addition, further characterisation work was carried out to help in 
explaining how the membrane films are formed by the vacuum application. 
100 
Table 6.1: MW of substances tested in MW cut-off permeation testing. 







6.3. Carbon Membranes 
6.3.1. MW Cut-off Investigation 
A table of all MW cut-off results for all the membranes can be found in the Appendix A of this 
chapter. Figure 6.1 shows representative results of the water mass permeated through the CM 
membranes as a function of permeation time. The CM0 membrane reached steady state for pure 
water within the first 10 mins of testing, though it had a significant time lag of 30 min for the feed 
glucose solution. In fact, the water permeation of the CM0 membranes was not measurable for 
solutions with molecules larger than glucose. At the other side of the MW spectrum for feed 
PVP360000 solutions, CM30 membrane’s initial water permeation did not reach steady state for the 
first 5 minutes, whilst increasing the vacuum time to 120 s for the CM120 membrane, which 
reached steady state form at the onset of experimental testing. Apart from pure water feed testing, 
the data profile for the other organics in Figure 6.1 are not entirely straight, thus suggesting a quasi-
steady state, which is associated with the slight fouling of the membranes. Except for the time lag 
and unsteady state discussed here, all other membranes tested for different MW solutions delivered 
permeation at quasi-steady state. 
 
Figure 6.1: Water mass permeation versus time 
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The flux (F) of each CM membrane for sucrose solutions are shown in Figure 6.2, together with the 
discreet flux (FΔt) which is the average flux for an interval (Δt) of 5 minutes. Due to the slight 
fouling, the discreet flux was slightly lower than the flux measurements for all the membranes. The 
results in Figure 6.2 show a clear trend that increasing the vacuum time also increased the water 
flux for membranes tested in the sucrose feed solutions. Small flux variations were observed for up 
to 0.5 h (i.e. 30 min), when quasi-stead state becomes prevalent. These variations may be associated 
with the use of different alumina substrates. Interestingly, the water fluxes for the CM1200 
membrane in different organic solutions as shown in Figure 6.3 reveal that flux decreases with 
increasing organic MW. This result is well anticipated as the molecular size of these organics scales 
systematically with their MW, which demonstrates that the CM membranes are truly nanofiltration 
membranes with well-defined pore sizes. 
 
Figure 6.2: Water flux of carbon membranes for processing sucrose solutions at 4 bar pressure. 
Broken line and full symbol (FΔt) and full line and hollow symbol (F). 
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Figure 6.3: Water flux of CM1200 membranes for processing various solutions at 4 bar pressure. 
Broken line and full symbol (FΔt) and full line and hollow symbol (F). 
The overall discreet flux results of all the membranes against the MW cut-off are shown in Figure 
6.4a. The first trend observed confirms that water flux increased as a function of longer vacuum 
times for the tested organic solutions. This trend is in line with the findings of oil/water processing 
using CM membranes in Chapter 4. A second trend is that the water fluxes generally decreased as 
the MW of the organics increased, though there are a few minor variations observed. The CM0 
membrane was non-permeable for the majority of the substances, except for the lower MW glucose. 
The CM30 membrane was permeable, thus showing the onset of pore opening by the vacuum-
assisted method. However, the water fluxes reduced abruptly by almost threefold from pure water to 
glucose solution, and then slightly reduced as the MW increased to sucrose, PVP40000 and 
PVP360000. The membranes exposed to higher vacuum times (CM120, CM600 and CM1200) gave 
a different trend as the fluxes for pure water and glucose solution were similar or only changed 
slightly. However, the slight increase in MW from glucose to sucrose solutions resulted in an abrupt 
reduction in flux. These results clearly indicate that the vacuum-assisted method has an effect in 
tailoring the pore size structure of the CM membranes.  
Further evidence on the effect of vacuum tailoring effect is provided by plotting the rejection results 
versus the MW as displayed in Figure 6.4b. The CM0 rejected (100%) all the substances tested 
except water. As the kinetic diameter of water is 0.26 nm and the diameters of sucrose and glucose 
are 0.86 [1] and 0.9 [2] nm, these results strongly suggest that the CM0 membranes has pores well 
below 0.86 nm. All membranes exposed to vacuum could not reject glucose and sucrose, thus given 
a clear indication that pore sizes have increased in excess of 0.9 nm. Rejections started being 
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observed for PVP-40000 reaching 80% for CM30, and 35-45% for the other membranes. Finally, 
all vacuum exposed membranes fully rejected the higher MW PVP-360000. 
 
 
Figure 6.4: (a) Discreet water flux and (b) rejection versus MW 
6.3.2. Characterisation 
TGA experiment for the resin gels (RG) was performed in an inert atmosphere using nitrogen 
atmosphere to follow the process of carbonization [3]. The TGA results in Figure 6.5 indicate that 
there are no significant variations between the RG samples prepared using different vacuum time. 
For all the resin gel samples, it is observed that there are four decomposition steps of the gels [4, 5]. 
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The first and the second steps occur at temperatures up to 200 °C, and between 250 and 330 °C with 
mass losses of ~8 wt% and ~13 wt%, respectively. The initial weight losses up to 200 °C are 
associated with physisorbed water. The second mass loss is associated with the initial onset of 
carbonisation and thermal decomposition of the phenolic compounds [6, 7]. At this second stage, 
the mass losses of the RG600 and RG1200 samples are slightly higher than the other RG samples. 
This suggests that the longer vacuum time assisted the release of some volatile organic compounds, 
which otherwise would remain entrained in the cured resin matrix. 
 
Figure 6.5: TGA curves of carbon material from phenolic resin at different vacuum time applied  
The third stage illustrates a large mass loss approximately 23 wt% between 320 to 700 °C which 
predominantly correlates with the majority of chemical decomposition and recombination reactions 
within the carbonized resin structure [8]. This last stage leads to the formation of carbon matrix. 
The total mass loss of all RG samples at 700 °C is calculated to be ~47 wt%, suggesting a high 
yield of the carbonised product. 
This is in good agreement with the total weight loss of ~57 wt% of the virgin phenolic resin 
measured in Figure 6.6. This Figure also shows the TGA results of the alumina support and 
phenolic resin coated on the surface of alumina support. The total weight loss for support is only 
0.54 wt% while the total weight loss for the resin on the support equates to about 6 wt%. This result 
shows that the alumina support itself is stable at high temperature up to 1000 °C. Furthermore, there 
is no obvious mass loss above 900 °C for both the support and the supported resin samples. 
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Figure 6.6: TGA curve of phenolic resin, phenolic resin on the alumina support and alumina support 
FTIR analysis was carried out to examine the chemical evolution of phenolic resin before and after 
carbonisation at 700 °C with different vacuum time applied as displayed in Figure 6.8a and Figure 
6.8b. Overall, the FTIR spectra of the dried resin gel samples display a large number of peaks 
overlapping in the lower wavenumbers between 750 and 1750 cm-1, similar to those reported by 
Roczniak and co-workers [9]. These clusters of peaks in the fingerprint region of interest shows 
strong signature bands of hydrocarbons [10]. The strong bands in the finger-printing region 
including the C=C stretch of phenyl rings (1600-1500 cm-1), C-H at 1500-1300 cm-1, the broad peak 
of C-O stretching of phenol (1300-1000 cm-1) and several other smaller peaks related to the C-H 
bands [11]. 
A table with the peaks assigned to the frequencies of the characteristic groups is listed in Appendix 
B [10]. Figure 6.8a also reveals that the peaks of C-H stretching vibration (2800-3200 cm-1) and C-
O stretching (1030 cm-1) are becoming more pronounced as a function of increasing vacuum time. 
This strongly suggests that the use of vacuum further assisted in the polycondensation of phenol 
oligomers, which resulted in resin crosslinking as seen in Figure 6.7 [12-14]. By increasing the time 
of vacuum, it appears that the polycondensation processes A and B where the phenolic resin 
oligomers crosslink to form CH2 methylene and/or C-O ether groups (red highlights in Figure 6.7). 
This vacuum-assisted reaction is most likely due to the faster drying rates [15], which leads to 
increased resin concentration. 
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Figure 6.7: Polycondensation of phenolic resin leading to the formation of (A) CH2 methylene and 
(B) C–O ether linkages [12, 13]. The red highlights depict newly introduced group by crosslinking. 
Phenolic resin material that was carbonised at 700 °C suggests a substantial change has occurred 
during the carbonisation process based on results published elsewhere [16]. Figure 6.8b shows the 
FTIR of the carbonized materials (CM samples) with respect to the vacuum time. From this figure, 
most of the strong vibrational peaks characteristics of the hydrocarbons in the figure-printing region 
(lower wavenumbers) have almost disappeared indicating that these organic functional groups have 
undergone thermal combustion and carbonization [11, 17]. Interestingly after carbonization, the 
only remaining groups to be observed in the FTIR are the C-H (2800-3200 cm-1) and C–O (1000-
1150 cm-1) peaks, both of which become well defined and increase in intensity as a function of 
increasing vacuum time especially for the CM600 and CM1200 samples. These peaks are attributed 
to the methylene and ether linkages from the crosslinking reactions as described earlier and are 





Figure 6.8: FTIR of phenolic resin (a) as sol before carbonisation and (b) after carbonisation at 700 
°C at different vacuum time applied 
6.3.3. Discussion and Analysis of Structural Formation 
Nitrogen adsorption analysis in Chapter 4 (Figure 4.2b) revealed that the CM materials resulted in a 
tri-model pore size distribution. It was also observed that the vacuum time exposure played an 
important role in tailoring the structure of the CM materials, as increasing the vacuum time led to a 
significant increase in the total pore volume and BET surface area. As the latter is generally 
calculated for the first nitrogen adsorbed layer, and that microporous structures have higher surface 
area than mesoporous structures, these results clearly indicate that increasing the vacuum time 
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conferred a higher degree of microporosity, particularly that surface areas are very high close to 
2000 m-2 g-1. The PSD based on the BJH method shows a well-defined and narrow microporous 
region, followed by a second broad distribution containing both micro and mesopores. The third 
distribution is also broad though containing mainly macropores. 
These morphological features of the CM materials exposed to varying vacuum times is interesting 
and warrants further discussions on the potential mechanism leading to changes in structural 
formation. It is proposed in this thesis that the morphological features of the CM material are due to 
the effect of vacuum leading to a cluster to cluster aggregation of phenolic resin in a sequential 
manner schematically depicted in Figure 6.9 and described as follows: 
1) By applying vacuum, the longer the vacuum time the more likely that the functional groups 
of the phenolic resin would be brought into closer proximity for crosslinking reaction. 
2) Crosslinking reaction caused by the clustering of polymeric chains increases microporosity 
and surface area. 
3) As cluster to cluster formation proceeded as a function of the vacuum time, the gap between 
the cluster, or the inter-cluster space, increased and caused an increase in total pore volume, 
accompanied by broadening of the pore size distribution.  
The cross linking of functional groups can be seen in FTIR spectrum (Figure 6.8a and Figure 6.8b), 
showing the characteristic vibrational stretchings for C=C, C‒C, C-H, OH, C‒OH groups of the 
precarbonized resin. This is more evidenced in Figure 6.8b, where it is observed the greater peak 
intensity around 2800‒3200 cm-1 for the CH2 linking group on the expense of the OH stretching 
peak broadly around 3300 cm-1 and also for the C–O ether linking group (1030 cm-1).  
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Figure 6.9: Schematic of the effect of the vacuum exposure time on the cluster to cluster mechanism 
of formation of CM materials and membranes 
A final proof of the proposed cluster to cluster aggregation mechanism is supported by the 
performance of membranes. The lowest water flux was measured for the CM0 membrane, which 
increased sequentially as a function of the vacuum exposure time in order of 
CM0<CM30<CM120<CM600<CM1200. The highest water flux was reached by the CM1200 of 
169 kg m-2 h-1 at 5 bar which was 91% higher than the CM0 membrane. The CM membrane 
performance results correlated very well with the CM membrane morphological features. It is well 
known that materials with higher total pore volumes and surface area tend to deliver higher fluxes 
as clearly indicated in Figure 4.18. 
Another interesting point is that the CM membrane reached very high oil rejections in the first 
testing cycle (97.1-99.9%). These results suggest that the cluster to cluster aggregation mechanism 
proposed in this thesis allowed to form membrane films with very limited percolation pathways 
having pore sizes large enough for the diffusion of oil molecules. As the membranes were operating 
under pressure in a dead-end permeation, high pressures tended to force oil molecules to permeate 
through these large pore size percolation pathways. However, the amount of permeated oil was very 
minor as compared to 3000 ppm in the feed side, with an equivalent of 3 to 87 ppm of hexadecane 
measured in the permeate side of the CM membranes, hence a very high oil rejections could be 
achieved. 
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In order to further understand the vacuum effect in tailoring the structure of the CM membranes, 
Figure 6.10 gives an indication of the flux reduction normalised as a function to the flux of pure 
water, a molecule with a kinetic diameter of 0.26 nm. The CM0 membranes blocked glucose and 
sucrose solutions up to 96 and 98%. This means that only 4 and 2% of the porous structures were 
accessible to water permeation. In fact, CM0 is a conventional preparation method of carbon 
molecular sieve membranes for gas separation, where average pores are generally between 0.25 to 
0.5 nm. Hence, this explain the extremely low fluxes. The MW cut-off results for the CM30 
membrane strongly suggest that ~71% of the porosity was blocked by the glucose, which increased 
to ~78% by the sucrose, ~93% to ~97% by the PVP40k and PVP360k molecues. The membranes 
prepared with high vacuum times (CM120, CM600 and CM1200) present relatively lower pore 
obstructions for all the organic substances tested, clearly indicating that the pore size broadening of 
the CM membranes becomes more prevalent for vacuum time in excess of 30 s The results in 
Figure 6.10 confirmed the cluster to cluster mechanism proposed in Figure 6.9, of which the 
membrane pore size increases significantly after 120 s of vacuum time.  
 
Figure 6.10: Normalised flux reduction (%) for CM membranes based on MW cut-off testing 
6.4. Titania Membranes 
6.4.1. MW Cut-off Investigation 
The MW cut-off testing was also carried on the titania membranes prepared with 1, 2 and 3 coated-
layers exposed to 1200 s of vacuum time. Figure 6.11a and Figure 6.11b illustrate the discreet water 
permeation and rejection results of these TM membranes, respectively. Overall, the water flux 
permeation in Figure 6.11a decreased with increasing the MW of the substances tested. TM1-1200 
gave the highest flux for all the substance as compared to TM2-1200 and TM3-1200. These results 
clearly indicate that the number of coating layers increased the mass resistance and thus decreasing 
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the flux. By plotting the rejection results as function as MW (see Figure 6.11b), the effect of the 
number of coating layers can be further observed. All TM membranes were not able to separate 
glucose (0.86 nm) and sucrose (0.9 nm), thus demonstrating percolation pathways with pore sizes 
larger than 0.9 nm. The TM1-1200 membrane with a single layer revealed the lowest rejection of 
17% for PVP-40000 as compared to two and three layers membranes. The TM3-1200 membranes 
delivered 65% rejection for PVP-40000, thus suggesting the membrane pore size are smaller than 
the two and one layered TM membranes. It is very likely that by increasing the number of coating 
layer the membrane pore sizes are gradually narrowed as a result of pore wall thickening, 
particularly that the second layer is sandwiched between the first and third layer. Finally, 100% 
rejection was measured for PVP-360000 for all the membranes.  
 
Figure 6.11: TM at different number of layer (a) flux and (b) percentage of rejection as function of 
MW 
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In order to further understand the effect of vacuum time on TM membranes, MW cut-off testing 
was carried out on TM1 membranes with the different vacuum time to optimise the performance of 
a single layer TM membrane. It can be seen in Figure 6.12a that the discreet water flux increased 
proportionally with vacuum time in all the organic solutions. Further, the discreet water flux of all 
membranes decreased with increasing the MW of the substances tested. In Figure 6.12b, the 
rejection values increased as a function of the MW , which is in good agreement with the results 
shown in Figure 6.11b. A minor variation is observed for the rejection of PVP-360000 for TM1-120 
which did not quite reach 100% as the other membranes. This could be attributed to minor film 
defects and/or the variation in the morphology of the substrates, due to the cheap, low-quality 
alumina substrates employed in this project as a mean to reduce fabrication cost. 
 
Figure 6.12: One layer of TM at different vacuum time (a) flux and (b) percentage of rejection as 
function of MW 
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6.4.2. Characterisation 
Nitrogen sorption was carried out using Micromeritics Tristar 3020 instrument to ascertain the 
surface area and pore size of the titania materials as a function of vacuum exposure time. Figure 
6.13 displays the isotherms of titania materials (TM) with no vacuum applied, 30, 120, 600 and 
1200 seconds of vacuum exposure. All isotherms are ascertained as a typical IUPAC Type-IV 
adsorption/desorption behaviour which is the characteristic of mesoporous structure [18]. The 
desorption branch of isotherms illustrates a hysteresis which is indicative of a mesoporous material.  
The isotherms of all the TM materials seem to be quite similar to each other, thus strongly 
suggesting that all samples have similar morphological features.  
 
Figure 6.13: Nitrogen sorption isotherms of TM at different vacuum time. Close symbols is 
adsorption and hollow symbols is desorption branch 
The BET surface area of titania material exposed at different vacuum times are shown in Figure 
6.14a. The surface areas increased from TM0 to TM30. After 30 s of vacuum time, the surface areas 
declined gradually from 61.1 to 38.5 m2 g-1, of which the latter is for TM1200. The pore size 
distribution (PSD) of titania can be observed in Figure 6.14b according to Barrett-Joyner-Haalenda 
(BJH) method of desorption branch calculation. All the TM materials indicate a single modal 




Figure 6.14: (a) BET surface area and pore volume of TM at different vacuum time (b) pore size 
distribution of TM at different vacuum time 
Further characterisation was carried out using XRD to investigate the vacuum effect on the crystal 
morphology for the TM samples exposed to different vacuum times. The XRD patterns of the 
calcined samples display five sharp distinct peaks at 25.7, 37.4, 48.3, 54.1 and 55.4° 2θ which 
corresponds to crystallite reflections of (101), (004), (200), (105) and (211) of titania material 
assigned to TiO2-anatase (JCPDF-894121; I41/ amd space group symmetry) [19-21]. The Scherrer 
equation was used to calculate the average TiO2-anatase crystallite size based on  peak width at half 
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maximum of the (101) reflection (see Figure 6.15) [22, 23] and the results are listed in Table 6.2. 
The crystallite size of the anatase titania was calculated to be 12.16 nm for the TM0 sample but it 
reduces to 11.51 nm for the TM30 sample. By further increasing the vacuum time, the crystallite 
size of the anatase titania increased systematically to a maximum value of 12.91 nm for the 
TM1200 sample. 
 
Figure 6.15: XRD pattern of titania material that exposed at different vacuum time 
Table 6.2: The crystallite size of titania material that exposed at different vacuum time 







FTIR analysis was performed to study the chemical evolution of titania materials without vacuum 
exposure before and after calcination process at 400 °C (see Figure 6.16). The FTIR spectra show 
that the TM0 gel prior to calcination has a broader peak (2700-3700 cm-1 wavelength) which is 
assigned to water, and a narrow peak between 1500-1700 cm-1 allocated to (C-H) in titanium (IV) 
propoxide [24]. After calcination, both of these peaks disappeared whilst the peak between 500-700 
cm-1 remained. This peak at 545 cm-1 is assigned to the Ti-O vibrations of anatase TiO2. The full 
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FTIR spectrum of titanium (IV) propoxide as supplied by Sigma-Aldrich is given in Appendix C. 
The FTIR spectra of the titania materials exposed at different vacuum time are displayed in Figure 
6.17. All spectra appear to be indifferent with only the anatase vibrations at 545 cm-1 to be observed 
[25] irrespective of the vacuum time, which is in good accord with the XRD results. 
 
Figure 6.16: FTIR analysis of titania gels (a) before and (b) after calcination at 400 °C for the TM0  
 
Figure 6.17: FTIR spectra of titania materials at different vacuum exposure time 
6.4.3. Discussion and Analysis of Structural Formation 
In this thesis, cheap alumina substrates were used where pore sizes range from 0.5 to 1 µm in 
diameter. The SEM images of TM membranes in Chapter 5 illustrate that thin films were not 
formed on the substrate surface for the first and second layers. A slight thin film was observed for 
the third layer only. So the first consideration is whether the titania sol could penetrate into the 
pores of the alumina substrate. Table 6.2 shows that the crystallite sizes of the TM materials 
exposed to vacuum time varied between 11.5 and 13.0 nm. However, these crystallite size 
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measurements only represent the size of a single titania crystal, hence for TM samples the anatase 
titania are likely to be formed by several crystals. In order to estimate the size of the titania 
nanoparticles, assuming that the titania particles are round, the following relationship can be used to 




                                                                                                                                             (1) 
where r (µm) is the radius, S (m2 g-1) is the BET surface area determined by nitrogen adsorption and 
ρ (g cm-3) is the density. As the titania phase is mainly anatase, the density is 3.78 g cm-3 [26].  
Table 6.3 lists the diameter of the titania particles exposed to vacuum. The particle sizes are 
calculated between 0.026 and 0.041 µm. These particle sizes are much smaller than the alumina 
substrate pore sizes (0.5 to 1 µm), and therefore can reside within the alumina substrate due to the 
titania sol impregnation via dip-coating and by the action of vacuum. These results therefore 
explain why the titania films are not observed on the top of alumina substrates by the SEM images. 
In addition, it is interesting to observe that the trends in Table 6.3 are found to be the same as in the 
Table 6.2. In other words, the particle size and crystallite size decrease from TM0 to TM30, and 
then both sizes increase thereon as a function of the vacuum time. 
Table 6.3: Calculated titania particle sizes. 







It is well known that the void between the particles increase as the particle size increases. To 
examine this theory, the particle size in Table 6.3 were plotted against the pure water flux for the 
TM membranes with a single titania coating exposed to different vacuum times as shown in Figure 
6.18. It is clearly observed that there is a good fitting between the particle size and the water flux. 
As the particle size of titania increases, the water flux of the TM membranes increases. These 
results therefore strongly suggest that the vacuum time played an important role in changing the 
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particle size of the titania, which in turn alters the inter-particle voids and thus affecting the 
membrane resistance to water transport across the membrane. 
 
Figure 6.18: Water flux versus particle diameter 
To understand these relationships more in depth, one must discuss the origin of how the titania 
particles formed via the sol-gel process. The use of titania isopropoxide (Figure 6.19) in this thesis 
follows a conventional sol gel method. The chemistry of the sol–gel method is mainly based on 
hydrolysis (Equation 2) and polycondensation reactions (Equations 3 and 4) of metal alkoxides 
leading to the formation of an extended network [27]. 
Ti─OR + H2O →Ti─OH + ROH     (2) 
Ti─OH + OR─Ti → Ti─O─Ti + ROH    (3) 




Figure 6.19: Schematic of titanium isopropoxide [28] 
The morphological features and MW-cut off results of the TM materials and membranes as a 
function of vacuum times is interesting. It is proposed in this thesis that the morphological features 
of the TM material are due to the combined effect of the sol-gel reactions and vacuum leading to a 
slight increase in the aggregation of the titania sol-gel network in a sequential manner as 
schematically depicted in Figure 6.20 and described as follows: 
1) By applying vacuum, the longer the vacuum time the more likely that the Ti─O─Ti 
networks in  closer proximity to each other will form titania particles. 
2) As Ti─O─Ti network formation proceeded as a function of the vacuum time, the 
aggregation of the networks slightly increased and caused an increase crystallite size upon 
calcination, accompanied by an increase in particle size.  
3) The Ti─O─Ti networks formed small particles inside the porous alumina substrate to create 
well packed films 
4) The increase in particle size likewise increased the inter-particle void. 
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Figure 6.20: Schematic of the effect of vacuum in the formation of titania films 
The mechanism postulated for the TM membranes as a function of the vacuum time is supported by 
the SEM images which show well packed films. As the PSD results showed a single peak pore size 
distribution, these results strongly suggested that the calcination process led to formation of 
particles. This is further supported by the XRD displaying patterns of titania particles with anatase 
phase.  Therefore, as the particle size increased, the interparticle void increased likewise, further 
supporting the increase of water flux as the vacuum time increase. 
6.5. Vacuum-Assisted Method 
This thesis postulates the structural formation mechanism for membranes derived from phenolic 
resin and titanium isopropoxide sol-gel under the effect of vacuum-assisted impregnation. Based on 
the results of materials characterisation and membrane performance, there is a strong evidence 
supporting both mechanisms as proposed. There are some aspects of these mechanisms that are 
similar, and some aspects that are different. For instance, both phenolic resin and titania started as 
sol-gels, containing networks, though the resins are organic materials whilst the titania is an 
inorganic oxide. 
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In the first step, the vacuum application during membrane fabrication has induced a similar effect 
on the structural formation of the membranes as it brings the phenolic resin and Ti─O─Ti networks 
into closer proximity. However this similar effect has completely different outcomes in terms of the 
final membrane matrix features. This can be clearly seen by comparing the water fluxes of both CM 
and TM membranes as displayed in Figure 6.21. The differences are clearly related to the different 
morphological features of these materials. Although the water fluxes for both membranes increased 
with increasing vacuum time, the water fluxes for the TM membranes were always higher than the 
TM membranes. The TM membranes formed mesoporous structures closely associated with the 
titania particles. The CM membranes had a tri-modal pore size distribution assigned to both 
micropore and mesopore regions, as well as macropore sizes greater than 50 nm. Further, the 
increase in water flux was only marginal for the TM membranes across the vacuum time, which is 
explained by the slight increase in both the particle size and inter-particle void. In the case of the 
CM membranes, the water flux increased by 78% from CM30 to CM1200 membranes. The 
membrane resistance to water transport increases as the pore size decreases, thus explaining the 
lower water fluxes for all the CM membranes with a high contribution of microporous structure.  
 
Figure 6.21: Water flux versus vacuum time comparison between the TM and CM membranes 
The second important point between the postulated mechanisms is related to the membrane pore 
size tailorability.  From the MW cut-off results for both types of membranes, the general trend is 
that the rejection for the largest molecule PVP360000 was very high close to 100% whilst for the 
smaller molecules of glucose and sucrose the rejection was 0% (i.e. no rejection). A major 
difference was the rejection of PVP40000 as shown in Figure 6.22, where it is observed that the CM 
membranes delivered higher rejections than the corresponding TM membranes prepared using the 
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same vacuum time. The results clearly indicate that the vacuum assisted method was more efficient 
in controlling the pore size of the CM membranes rather than the TM membranes. 
 
Figure 6.22: Rejection of PVP4000 for the TM and CM membranes as a function of the vacuum 
time 
Finally, by compering both fluxes and rejections together, it is clear that the effect of vacuum time 
exposure was more significant for the CM membranes rather than the TM membranes. The latter 
had a marginal increase in water fluxes (see Figure 6.21) and a lower rejection ~20% for the 
PVP4000 molecule. Contrary to this, the CM membranes delivered higher PVP40000 rejections of 
at least 40% whilst water fluxes increased significantly by 78% from CM30 to CM1200 
membranes. These differences can be closely associated with the proposed cluster to cluster 
aggregation mechanism leading to cross-linking reactions occurring during the onset of vacuum 
exposure. In the case TM membranes, the Ti─O─Ti reactions tend to occur mainly during the sol 
preparation, and Ti─O─Ti network formed during the sol method is not greatly affected by the 
vacuum time because the porosity of the titania matrix is generally governed by the inter-particle 
void. For the TM membranes, the changes in pore size, pore volume and surface area are small, 
contrary to the CM membranes where significant increase in pore volume and surface area resulted 
from intra- and inter-clusters voids. 
6.6. Conclusions 
 Carbon (CM) and titania (TM) membranes prepared at different vacuum exposure (30 to 1200 s) 
were investigated by molecular weight (MW) cut-off testing along with their material 
characterizations in this chapter. A strong trend was found that water flux of the membranes 
increase with the increasing molecular weight of the tested substances using water, glucose, 
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sucrose, PVP-40000 and PVP-360000 as a direct result of nanofiltration. Moreover, all the 
membranes rejected 100% PVP-360000 molecules, albeit the membranes were not able to separate 
the smaller molecular sizes of glucose and sucrose, which indicates that the membrane pore sizes 
are larger than the kinetic diameter of sucrose of 0.9 nm. The trend of organic rejections deviates 
slightly for the PVP-40000 molecules as the TM membranes only produced 20% rejection 
irrespective of the vacuum time, but is generally twofold lower than that of the corresponding CM 
membranes. However, the water fluxes for the TM membranes were found to be 20% (TM1200) to 
100% (TM30) higher than that the CM membranes. Characterisation of materials revealed that the 
structural formation of the CM membranes was significantly affected by the vacuum application 
which promoted resin cluster to cluster aggregation mechanism, and thus produced highly 
interconnected intra- and inter-cluster pores. In contrast, the TM membranes were produced 
by Ti─O─Ti sol-gel networks leading to the creation of large anatase TiO2 nanoparticles, and 
likewise, led to larger inter-particle void with a larger total pore volume, surface area and pore size 
distribution as a function of the vacuum time.  
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Appendix A: MW cut-off results for carbon and titania membranes 
Table 6.4: Carbon membranes at different vacuum time as a function of flux 
  Flux (L m-2 h-1) 
Substance MW (g mol-1) CM0 CM30 CM120 CM600 CM1200 
Water 18.02 10.22 77.56 94.16 108.53 134.13 
Glucose 180.16 0.41 22.43 93.45 107.68 122.48 
Sucrose 342.3 0.17 16.82 62.22 94.66 106.54 
PVP-40000 40000 0 5.04 27.78 47.17 57.05 
PVP-360000 360000 0 1.83 3.65 4.57 6.26 
 
Table 6.5: : Carbon membranes at different vacuum time as a function of rejection 
  Rejection (%) 
Substance MW (g mol-1) CM0 CM30 CM120 CM600 CM1200 
Water 18.02 0 0 0 0 0 
Glucose 180.16 0 0 0 0 0 
Sucrose 342.3 0 0 0 0 0 
PVP-40000 40000 0 81.1 42.3 38.2 46.8 
PVP-360000 360000 0 >99 >99 >99 >99 
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Table 6.6: Titania membranes at different number of coating layer as a function of flux 
  Flux (L m-2 h-1) 
Substance MW (g mol-1) T1-1200 T2-1200 T3-1200 
Water 18.02 154.1 85.5 29.7 
Glucose 180.16 117.6 45.4 19.3 
Sucrose 342.3 104.1 35 16.7 
PVP-40000 40000 66.7 17.2 6.3 
PVP-360000 360000 4.3 4 3.3 
 
Table 6.7: Titania membranes at different number of coating layer as a function of rejection 
  Rejection (%) 
Substance MW (g mol-1) T1-1200 T2-1200 T3-1200 
Water 18.02 0 0 0 
Glucose 180.16 0 0 0 
Sucrose 342.3 0 0 0 
PVP-40000 40000 17.2 24.3 65.1 
PVP-360000 360000 100 100 100 
 
Table 6.8: Titania membranes of one coating layer at different vacuum time as a function of flux 
  Flux (L m-2 h-1) 
Substance MW (g mol-1) T1-0 T1-30 T1-120 T1-600 T1-1200 
Water 18.02 138.3 142.4 142.8 148.3 154.1 
Glucose 180.16 100 104.3 108.2 114.4 117.6 
Sucrose 342.3 79.8 92.5 94 96 104.1 
PVP-40000 40000 47 55.1 63.1 63.4 66.7 
PVP-360000 360000 3.7 3.8 4.1 4.2 4.3 
 
Table 6.9: Titania membranes of one coating layer at different vacuum time as a function of 
rejection 
  Rejection (%) 
Substance MW (g mol-1) T1-0 T1-30 T1-120 T1-600 T1-1200 
Water 18.02 0 0 0 0 0 
Glucose 180.16 0 0 0 0 0 
Sucrose 342.3 0 0 0 0 0 
PVP-40000 40000 21.1 17.5 20.4 18.9 17.2 
PVP-360000 360000 100 98 91 100 100 
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Appendix B: FTIR literature values for phenolic resin 
Table 6.10: Vibrational assignment of Phenolic resin [10] 




C=C ring stretching 





Aromatic ring stretching components indicate 
1,2,4- disubstitution 
Benzene ring C=C stretching component, 1,2,6- 
disubstitution 
1500-1370 cm-1 aliphatic 
deformation vibration 
1506 Aliphatic deformation vibration 
1465-1340 cm-1 C-H bending of 




C-H bending of aliphatic bridge structure 
 
C-H bending of aliphatic ether 
1300-1000 cm-1 
C-O stretching of Phenol 
1377 
1328 
Phenolic hydroxyl –OH in-plane deformation 
aromatic C-O stretch 
1270-1230 cm-1 





C-O typical of alkyl-phenols 
C-O stretching of diphenyl ether structure 






Stretching of phenol group 
Aromatic in-plane C-H deformation 
C-H aliphatic ether 
Aromatic in-plane C-H deformation 
Unrealiable aliphatic CH2 wag 
880-680 cm-1 
C-H out of plane vibration 







Aromatic C-H wagging modes: strong band near 
820 cm-1 for 1,4- and 1,2,4-substitutions 
Aromatic C-H wagging modes: 780-740 cm-1 
(strong), 1,2- and 1,2,6-substitutions 
Aromatic C-H bending fingerprint 
C-H out of plane vibration 




OH out of plane vibration of phenol 
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Appendix C: FTIR for titanium (IV) propoxide 
 
Figure 6.23: FTIR spectra for titanium (IV) propoxide from Sigma-Aldrich supplier 
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Chapter 7: Conclusions and Recommendations 
7.1. Conclusions 
This thesis investigated the effect of vacuum preparation methods on inorganic membrane 
morphology. More specifically, the pore size tailoring of thin films coated on the surface of alumina 
substrates was studied. The alumina substrates were low cost and low quality with the aim of 
minimising membrane production costs. The vacuum effect was investigated on two different type 
of precursors namely: phenolic resins and titanium isopropoxide. The membranes were fully 
characterised and systematic tested for molecular weight (MW) separation of organics, oil and 
water separation. Chemical cleaning methods were also used to determine the effects of oil fouling. 
A more detailed overview of the key technical contributions of this thesis are set out below. 
The first contribution of this thesis is successful preparation of carbon and titania liquid separation 
membranes prepared via a novel combination of dip-coating and vacuum-assisted methods. The 
significant structural changes that occurred under various preparation parameters correlated very 
well with water permeation results. The water fluxes increased by 91% reaching 169 L m-2 h-1 at 5 
bar for carbon membranes prepared with 1200 s vacuum time as compared to no vacuum exposure. 
Similar trends were also observed for titania membranes, with the water flux 37% higher for the 
membranes prepared with 1200 s as compared to no vacuum exposure. The membranes were also 
able to achieve high rejections close to 100% for large MW PVP-360000 organics. However, no 
significant separation was observed for the lower MW glucose and sucrose. Separation values were 
measured for PVP-40000, and the carbon membranes delivered higher rejection than the titania 
membranes. The results suggest that the vacuum time effect on pore size tailoring was more 
effective for the carbon membranes compared to the titania membranes.  
The second contribution in this thesis is the proposed mechanism for the morphological formation 
of the carbon membrane from the phenolic resin precursor. It was proposed that the vacuum-
assisted method modifies the pore size and structural formation of carbon membranes. Vacuum 
exposure resulted in a cluster to cluster aggregation mechanism of the phenolic resin which 
conferred distinctive morphological features to the resultant carbon membranes. The longer vacuum 
application caused additional crosslinking reactions by the clustering of polymeric chains. Hence, 
the micro and mesoporosity, surface area, total pore volume and gap between clusters (inter-cluster 
space) increased proportionally to vacuum time. For instance, pore volumes and surface areas 
increased from 0.81 cm3 g-1 and 834 m2 g-1 to 2.2 cm3 g-1 and 1910 m2 g-1 as the respective vacuum 
time exposure increased from 0 to 1200 s. The increase in water fluxes correlated very well with the 
increase in pore volume and vacuum time. This thesis postulates that the cluster to cluster 
aggregation mechanism brings the phenolic oligomers in close proximity, initiating 
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polycondensation and the formation of microporous regions. Concomitantly, the distances between 
the cluster increased thus creating meso and macroporous regions. 
The third contribution of this thesis is related to the titania membrane structural formation with 
vacuum application. The longer the vacuum time, the more likely that the Ti─O─Ti networks in 
close proximity to each other aggregate and form titania particles. Further, the thesis proposes that 
upon calcination the titania crystallite size increased as a function of the vacuum time, accompanied 
by an increase in particle size. Therefore, porosity is controlled by the inter-particle void, which is a 
function of the particle size. As the particle size of titania increased, the water flux of the titania 
membranes increases. These results therefore strongly suggest that the vacuum time played an 
important role in changing the particle size of the titania, which in turn altered the inter-particle 
voids and thus influenced the membrane mass resistance to water transport.  
Part of this thesis was also devoted to oil and water separation, an environmental concern around 
the world. The membranes showed the ability to separate water with high oil concentration (3000 
ppm), reaching high oil rejection values. Carbon membranes delivered high oil reject up to 99.9%, 
whilst titania membranes rejection values were lower at 93%. The results in this thesis showed that 
both membranes were seriously fouled by oil, particularly the carbon membranes. Further chemical 
cleaning affected the surface of the membranes, with implications on the long term use of these 
membranes for oil-water separation. Based on the results obtained in this thesis, the application and 
industrial deployment of carbon and titania membranes for high oil concentration waters is 
questionable. 
In summary, this thesis has delivered innovation by using a vacuum-assisted method for tailoring 
the pore size of membranes. The contributions of this work open a window of research 
opportunities for the application of vacuum-assisted preparation methods in membrane 
development. 
7.2. Recommendations for future work 
This thesis has developed an opportunity for the future development of inorganic membranes by 
vacuum-assisted preparation methods. There are many areas that warrant further research as 
discussed below: 
1) Other parameters for the preparation of membranes should be considered. For instance, 
changing the vacuum pressure (between 0-1 bar) and the length of vacuum (between 30-60 
minutes) application. This will allow further understanding of the pore size tailoring effect 
imparted by the vacuum-assisted method. 
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2) This work could be extended for preparation of membranes using a diversity of precursors 
such as polyimides, zirconia and titania, and possibly mixed matrix films containing a 
polymer and a ceramic. 
3) Whilst this thesis used cheap and low quality substrates to keep the production costs as low 
as possible, it is warranted to consider studying the vacuum-assisted method using better 
quality substrates with narrow pore sizes and minimal defects. This will allow for the 
preparation of structurally homogeneous thin films. 
4) Membrane testing should be considered using high Reynolds numbers to increase turbulence  
and to reduce the fouling. Further back-washing techniques should be employed to avoid 
chemical cleaning which effects the structure of the membranes. 
5) Finally, there are a number of industrial wastewater emissions around the world so the 
membranes prepared in this work could be used in nano-filtration or micro-filtration in 
industries such as food and textiles. The pore size tailorability of the vacuum-assisted 
method can be used to match the requirements of processing wastewaters for these 
industries. 
